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Abstract 
In this study, graphitised multi-walled carbon nanotubes (GMWCNT) are used to 
reinforce high impact polystyrene (HIPS) as base material for fabricating 
nanoparticle reinforced composites with improved material properties – GMWCNT-
HIPS. For two phases composite, three weight percentages of nanoparticles in the 
devised nanocomposites - 1wt%, 3wt% and 5wt% are selected and 2wt% of three 
phase composite, 1wt% of GMWCNT and 1wt% of graphitized carbon nanofibers 
(GCNF), to investigate its weight fraction’s influence on material properties and 
mechanical behaviours. The nano-composites are fabricated using moulding 
injection in lab as standard ASTM samples. These samples are then employed for 
mechanical tests including uniaxial tension test and four-point bending test. A micro-
structural analysis of the samples is conducted to determine the microstructure of 
GMWCNT-HIPS nano-composites, in particular for the interfacial zone of nanotube 
and base material. Meanwhile a finite element analysis is developed and applied for 
modelling the uniaxial tension and four-point bending and conducting a parametric 
study to guide the adjustment of main control parameters of moulding injection 
process as a material design tool. The obtained results show that the mechanical 
properties of final-product materials are influenced by manufacturing processes and 
controlled by main factors that affect that processes. 
Also, 3D printing, also referred to additive manufacturing (AM), has been developed 
as a revolutionary manufacturing process, becoming a potential process to replace 
conventional manufacturing processes. 3D printing process – Fused Deposition 
Modelling/Fused Filament Fabrication (FDM/FFF) has been developed to rapidly 
print thermoplastic products while the traditional manufacturing process – injection 
moulding has been well developed for making thermoplastic products with a long 
history. In this research, a comparative study is experimentally conducted to 
investigate material properties and mechanical behaviours of two commonly-used 
3D printing thermoplastic materials – Acrylonitrile Butadiene Styrene (ABS) and 
Polylactic Acid (PLA) via uniaxial tension and three point bending tests according to 
ASTM standard. The mechanical properties of final product materials are influenced 
by manufacturing processes and controlled by main factors that affect that 
processes. In order to optimise the 3D printing process using available 3D printers at 
III 
lab, correlations between main control parameters and material properties of ABS 
and PLA are extracted based on the experimental results obtained considering the 
mould injection as a benchmarking process. A series of finite element analyses are 
developed and applied for conducting a parametric study to guide the adjustment of 
main control parameters of layer-by-layer 3D printing process as a material design 
tool. 
IV 
Declaration 
I, Saif Luay Tareq, declare that this thesis titled, ‘Fabrication and Characterisation of 
Polymeric Nano-composites’ and the work presented in it are my own. I confirm that: 
- This work was done wholly or mainly while in candidature for a research degree 
at this University. 
- Where any part of this thesis has previously been submitted for a degree or any 
other qualification at this University or any other institution, this has been clearly 
stated. 
- Where I have consulted the published work of others, this is always clearly 
attributed. 
- Where I have quoted from the work of others, the source is always given. With 
the exception of such quotations, this thesis is entirely my own work. 
- I have acknowledged all main sources of reference. 
- Where the thesis is based on work done by myself jointly with others, I have 
clarified exactly what was done by others and what I have contributed myself. 
V 
Acknowledgment 
I would like to thank my supervisor, Prof. Richard Yang, for his constant guidance 
and help to accomplish this project. Also, my special thanks to my co-supervisors 
Prof. Yang Xiang and Dr. Yingyan Zhang for their support and assist. 
Great thanks to Mr. Raju Majji for his assistance in lab work and further assistance to 
Dr. Leigh Sheppard, Dr. Tosin Famakinwa and Mr. Trevor Johnstone. 
Moreover, I would like to thank my family for their support along this journey. 
VI 
Table of Contents 
Statement of Authentication I 
Abstract II 
Declaration IV 
Acknowledgment V 
List of Figures VIII 
List of Tables XI 
Abbreviations / Symbols XII 
1. Introduction ……………………………………………….……………………………. 1 
1.1. Overview …………………………………………………………………………. 1 
1.2. Aim and Objectives …………………………………………………………….. 3 
1.3. Research Methodologies ……………………………………………………… 4 
2. Research Background and Literature Review……….……………………………. 6 
2.1 Introduction……………………………………………………………………… 6 
2.2 Fabrication of Polymeric Nanocomposites..…………………………………  7 
2.2.1 Injection Moulding…………….…………………………………………. 12 
2.2.1.1 Traditional Injection Moulding…………………………………… 12 
2.2.1.2 Dynamic Packing Injection Moulding………………………...... 15 
2.2.1.3 Preliminary Design of Advanced Mould ……………………….  17 
2.2.2 Additive Manufacturing (3D Printing) …………………………………  19 
2.3 Numerical Modelling…………………………………………………………… 21 
2.3.1 Computational Fluid Dynamics (CFD)…….......................................  21 
2.3.2 Finite Element Analysis (FEA)………………………………………… 23 
2.4 Material Characterisation…………………………………………………….. 25 
2.4.1 Microstructural Analysis……………………………………………….. 25 
2.4.2 Mechanical Property Tests……………………………………………. 28 
2.5 Summary………………………………………………………………………. 30 
3. Sample Design and Material Fabrication ……………………………………….. 32 
3.1. Introduction……………………………………………………………………. 32 
3.2. Sample Design and Evaluation of Mechanical Properties ………………. 32 
3.2.1. Sample Design and Modelling ………………………………………. 32 
3.2.2. Material Selection …………………………………………………….. 36 
3.2.3. Evaluation of Mechanical Properties ……………………………….. 37 
3.3. Nano Polymer Composite Fabrications Using Moulding Injection…..…. 39 
3.3.1. Preliminary Mould Design…………………………………………….. 39 
3.3.2. Traditional Mould Design and Modelling…………………………… 40 
3.3.3. Specimen Fabrication…………………………………………………. 44 
3.3.4. Process Control of Moulding Injection………………………………. 45 
3.4. Material Fabrication Using Additive Manufacturing……………………….. 46 
3.4.1. Material Selection……………………………………………………… 46 
3.4.2. Sample Preparation…………………………………………………… 47 
3.4.2.1. Sample Design…………………………………………………. 47 
3.4.2.2. Sample Preparation Using additive manufacturing Process. 47 
3.4.2.3. Sample Preparation Using Injection Moulding Process……. 48 
VII 
3.5. Summary……………………………………………………………………….. 49 
4. Material Testing and Characterisation …………………………………………… 50 
4.1. Introduction ……………………………………………………………………. 50 
4.2. Microstructural Analysis ………………………........................................... 50 
4.2.1. Scanning Electron Microscopy (SEM)............................................. 50 
4.2.2. X-Ray Diffraction (XRD)………………………………………………. 51 
4.2.3. Porosity Analysis ……………………………………………………… 53 
4.3. Experimental Tests…………………………………………………………… 54 
4.3.1. Experimental Tests of Moulding Injection Samples ………………. 54 
4.3.1.1. Uniaxial Tension Tests…………………………………………… 54 
4.3.1.2. Four-Point Bending Tests……………………………………….. 57 
4.3.2. Experimental Tests of 3D Printed Samples ……………………….. 58 
4.3.2.1. Uniaxial Tension Tests …………………………………………. 58 
4.3.2.2. Three-Point Bending Tests ……………………………………. 61 
4.4. Summary ……………………………………………………………………… 63 
5. Finite Element Modelling and Simulations……………………………….…….. 64 
5.1. Introduction ……………………………………………………………………. 64 
5.2. Material Models in Finite Element Models ………………………………… 64 
5.2.1. Material Properties of Sample Materials ………………………….. 64 
5.2.2. Data Conversion of Material Properties for Finite Element Models 65 
5.2.3. Material Modelling in Finite Element Models …………………….. 65 
5.3. Modelling and Simulation of Mould Injected Samples …………………... 68 
5.3.1. Uniaxial Tension Simulation of Moulding Injection Samples…….. 69 
5.3.1.1. Uniaxial Tension Simulation - Dynamic Step ……………….. 69 
5.3.1.2. Uniaxial Tension Simulation - Static Step ………………….... 71 
5.3.2. Four-Point Bending Simulation of Moulding Injection Samples … 73 
5.4. Modelling and Simulation of 3D Printed Samples…………………………. 75 
5.4.1. Uniaxial Tension Simulation of 3D Printed Samples……………… 75 
5.4.2. Three-Point Bending Simulation of 3D Printed Samples ………... 76 
5.5. Convergence Analysis of Finite Element Models …………………………. 78 
5.6. Summary ………………………………………………………………………. 79 
6. Results and Discussion…………………………………………………………… 81 
6.1. Injection Moulding Results ………………………………………………….. 81 
6.1.1. Material Properties Obtained from Uniaxial Tension and 
Four-Point Bending ………………………………………………….. 81 
6.1.2. Material Properties Obtained from FE Modelling and Simulations 82 
6.1.3. Microstructural Analysis Results …………………………………… 84 
6.1.3.1. Scanning Electron Microscopy Results (SEM) ……………… 84 
6.1.3.2. X-Ray Diffraction Results (XRD) ……………………………… 88 
6.1.4. Experimental and Simulation Results …………………………….. 89 
6.2. Additive Manufacturing Results …………………………………………… 92 
6.2.1. Material Properties Obtained from Uniaxial Tension and 
Three-Point Bending ………………………………………………….. 92 
6.2.2. Material Properties Obtained from FE Modelling and Simulations 93 
6.2.3. Injection Moulding and Additive Manufacturing …………………. 93 
6.2.4. Microstructural Analysis Results …………………………………… 96 
6.2.5. Experimental and Simulation Results …………………………….. 99 
6.3. Summary …………………………………………………………………….. 100 
7. Conclusions and Recommendations…………………………………………… 102 
7.1. Conclusions …………………………………………………………………. 102 
7.2. Recommendations …………………………………………………………. 104 
105 
i 
References……………………………………………………………………………
Appendix …………………………………………………………………………...  
VIII 
List of Figures 
Figures Page No. 
Figure 2-1 3D structure of Bakelite (Bakelite, Australia 2012)  
Figure 2-2 Recycle codes of plastic resins  
Figure 2-3 Injection moulding machine (Plastic injection, moulding machines, United 
Kingdom 2013) 
Figure 2-4 MakerBot – Replicator 2X printing machine 
Figure 2-5 Blow injection process (Plastic processing techniques, United states 2014) 
Figure 2-6 Photograph of the movable plate injection mould (Bom & Kalin 2008) 
Figure 2-7 Injection moulding machine, Fanuc alpha 15 C 
Figure 2-8 Geometry of the test specimen (Choi et al. 2012) 
Figure 2-9 Dynamic packing injection moulding device (Gao et al. 2012): (1) double 
live-feed device; (2) piston A; (3) stationary plate; (4) moving plate;(5) guide 
pin; (6) cavity; (7) insulating air layer; (8) piston B; (9) injection moulding 
machine 
Figure 2-10 Outline of the square plate specimen. Dimensions are given in millimetres 
(Gao et al. 2012) 
Figure 2-11 The sketch of mechanical test specimen dimensions according to 
ASTM638 M standard (Wang et al. 2003) 
Figure 2-12 DPIM preliminary mould design 
Figure 2-13 Pressure at flow simulation for DPIM 
Figure 2-14 Strategy for CFD based process control (Gerber, Dubay & Healy 2006) 
Figure 2-15 Fibre orientation of the specimen (Li, Gong & Cheng 2013) 
(a) Fibre orientation in the shear layer; (b) Fibre orientation in the core layer 
Figure 2-16 Scheme of constructing unit cells of nano-reinforced polymer composites 
(Peng et al. 2012) 
Figure 2-17 SEM images of HDPE and HDPE/OMMT samples molded using the two 
processing technologies: (a) SPIM, HDPE; (b) DPIM, HDPE; (c) SPIM, 
HDPE/OMMT; (d) DPIM, HDPE/OMMT. The melt flow direction is from left 
to right (Deng et al. 2010) 
Figure 2-18 WAXD curves of conventional and vibration sample shear layers (Xueqin 
et al. 2008) 
Figure 2-19 DSC curves of conventional and vibration samples (Xueqin et al. 2008) 
Figure 2-20 Schematic of DSC and XRD specimen preparation. DSC: differential 
scanning calorimetry; XRD: X-ray diffraction (Chen et al. 2013) 
Figure 2-21 Tensile properties of the materials, (a) elongation at break; (b) tensile 
strength and (c) tensile modulus (Mészáros et al. 2012) 
Figure 2-22 Macroscopic photos of fractured samples after tensile test at ambient 
temperature (Choi et al. 2012) 
Figure 3-1 Specimen dimensions based on ASTM standard D638-10 
Figure 3-2 Specimen design  
Figure 3-3 Flow victors simulation  
Figure 3-4 Illustration of true strain equation (ASTM Standards 2010) 
Figure 3-5 A-Type mould from Hales Australia (Hales 2018) 
Figure 3-6 Front clamping plate and plate A in the mould 
Figure 3-7 Plate B illustration of cavity details 
Figure 3-8 Exploded view for the designed mould 
Figure 3-9 FEA for the designed mould 
Figure 3-10 Manufactured Mould for uniaxial samples  
7 
8 
9 
10 
11 
12 
13 
14 
16 
17 
17 
18 
18 
22 
23 
25 
26 
27 
27 
28 
29 
29 
33 
33 
36 
38 
40 
41 
42 
42 
43 
44 
IX 
 
Figure 3-11  ABS and PLA Samples prepared by using 3D printing and Injection 
Moulding 
Figure 4-1 Advanced materials characterisation facilities  
(a) The JEOL 7001F Scanning Electron Microscopy (SEM) machine; 
(b) The Bruker D8 Advance X-Ray (XRD) diffraction machine 
Figure 4-2 Graphitized carbon nanofibers (GCNF) in SEM 
Figure 4-3 XRD spectra for three different regions in 1wt% sample 
Figure 4-4 Tested specimens for 1wt% HIPS-GMWCNT 
Figure 4-5 Stress- strain curves for uniaxial tensile test for moulding injection samples 
Figure 4-6 Instron 3366 as four-point bending setup 
Figure 4-7 Flexural stress- Flexural strain curves for four-point bending test for 
moulding injection samples 
Figure 4-8 Stress-strain curves for ABS extracted from uniaxial tensile test 
Figure 4-9 Stress-strain curves for PLA extracted from uniaxial tension test 
Figure 4-10 Instron 3365 uniaxial/ three-point bending test machine 
Figure 4-11 Flexural stress-strain curves for ABS extracted from three-point bending 
test 
Figure 4-12 Flexural stress-strain curves for PLA extracted from three-point bending 
test 
Figure 5-1 Plastic stress strain curves for Abaqus data input obtained from uniaxial 
tension for sample materials fabricated through moulding injection process 
Figure 5-2 PLA Plastic stress strain curves for Abaqus data input obtained from 
uniaxial tension for sample materials fabricated through 3D printing process 
Figure 5-3 ABS Plastic stress strain curves for Abaqus data input obtained from 
uniaxial tension for sample materials fabricated through 3D printing process 
Figure 5-4 Boundary conditions of dynamic explicit-step model of Abaqus simulation 
Figure 5-5 Stress contours of BM and HIPS-GMWCNT specimens subject to uniaxial 
tension – (Dynamic step) 
Figure 5-6 Boundary conditions of static general-step model of Abaqus simulation 
Figure 5-7 Stress contours of BM and HIPS-GMWCNT specimens subject to uniaxial 
tension – (Static step) 
Figure 5-8 Boundary conditions of four-point bending model of Abaqus simulation 
Figure 5-9 Normal stress and von Mises stress contours of BM and 1wt% HIPS-
GMWCNT specimens subject to 4PB 
Figure 5-10 Stress contours of ABS and PLA specimens subject to uniaxial tension 
Figure 5-11 Boundary conditions of three-point bending model of Abaqus simulation 
Figure 5-12 Stress and Strain contours of specimen subject to three-point bending:  
(a) ABS MI 3PB SIM and (b) PLA MI 3PB SIM 
Figure 5-13 Convergence plots of different elements at Abaqus mesh for testing 
models of nanoadditive / fibre samples 
Figure 5-14 Convergence plots of different elements at Abaqus mesh for uniaxial 
tension models of additive manufacturing samples 
Figure 5-15 Convergence plots of different elements at Abaqus mesh for three-point 
bending models of additive manufacturing samples 
Figure 6-1 Stress-strain curves for injection moulding samples extracted from 
experiments 
Figure 6-2 Ultimate strength values extracted from experiments (Uniaxial tension and 
four-point bending) 
Figure 6-3 Stress-strain curves for injection moulding samples extracted from 
simulation 
Figure 6-4 Ultimate strength values extracted from simulation (Uniaxial tension and 
four-point bending) 
 
47 
 
  
51 
52 
53 
55 
56 
57 
 
58 
60 
60 
61 
  
62 
 
62 
 
66 
 
67 
 
68 
70 
 
70 
72 
  
73 
74 
 
74 
75 
77 
 
77 
 
78 
 
79 
 
79 
 
81 
 
82 
 
83 
 
84 
X 
Figure 6-5 The SEM photo of HIPS of different magnification 
Figure 6-6 The SEM photo of HIPS- GMWCNT with 1wt% of different magnification 
Figure 6-7 The SEM photo of HIPS- GMWCNT with 3wt% and 5wt% of different 
magnification 
Figure 6-8 The SEM photo of HIPS- GMWCNT- GCNF with 1wt% each of different 
magnification 
Figure 6-9 XRD curves of five moulding injected samples 
Figure 6-10 Moulding injection samples tested with uniaxial tension test 
Figure 6-11 Stress-strain curves for ABS (left) and PLA (right) extracted from 
experiments 
Figure 6-12 Stress-strain curves for ABS (left) and PLA (right) extracted from 
simulation  
Figure 6-13 Representative SEM images in Backscattered electron of ABS 
(a-i) in 3DP and (j-m) in MI of different magnification 
Figure 6-14 Representative SEM images in Backscattered electron of PLA 
(a-i) in 3DP and (j-m) in MI of different magnification 
Figure 6-15 Stress-strain curves for ABS extracted from experimental and simulation 
Figure 6-16 Stress-strain curves for PLA extracted from experimental and simulation 
85 
86 
87 
88 
88 
90 
92 
94 
96 
97 
99 
100 
XI 
List of Tables 
Tables Pages 
Table.2-1 Plastic identification codes (Plastics identification codes, Australia 2011) 
Table 2-2 Chemical composition of nano-composite (Choi et al. 2012) 
Table 2-3 Processing parameters (Choi et al. 2012) 
Table 2-4 3D printing methods and applications 
Table 2-5 Damage micromechanisms during the test 
Table 3-1 Simulation results for Design 1 
Table 3-2 Simulation results for Design 2 
Table 3-3 Process parameter of Injection moulding machine 
Table 3-4 Moulding injection machine parameters for sample preparation 
Table 4-1 Sample sets for Injection moulding  
Table 4-2 Sample sets for 3D printed and moulding injection specimens 
Table 5-1 Data Input for Abaqus modelling  
Table 6-1 Young’s modulus and tensile strength obtained from uniaxial tension for 
sample materials using moulding injection processes  
Table 6-2 Young’s modulus and tensile strength obtained from four-point bending for 
sample materials using moulding injection processes  
Table 6-3 Young’s modulus and tensile strength obtained from uniaxial tension for 
sample materials using different fabrication processes  
Table 6-4 Young’s modulus and tensile strength extracted from three-point bending 
for sample materials using different fabrication processes 
Table 6-5 Porosity percentages of 3DP printed samples 
8 
14 
15 
21 
30 
34 
35 
46 
48 
55 
59 
66 
90 
91 
95 
95 
98 
XII 
Abbreviations / Symbols 
ABS  Acrylonitrile Butadiene Styrene 
AMCF Advanced Materials Characterisation Facility  
ASTM American Society for Testing and Materials 
BEC  Backscattered electron detector 
BF  Basalt fibre  
CAD Computer Aided Design 
CFD  Computational Fluid Dynamics 
CIM  Conventional injection moulding  
CNC Computer numerical Control 
DPIM Dynamic packing injection moulding 
DSC Differential scanning calorimetry  
EBM Electron beam melting  
FDM Fused deposition modelling  
FDM/FFF Fused Deposition Modelling/Fused Filament Fabrication 
FEA  Finite element analysis  
GCNF  Graphitized carbon nanofibers  
GMWCNT  Graphitized multi-walled carbon nanotube 
HIPS  High impact polystyrene 
MDDW Micro dispensing deposition write 
MFR   melt flew rate  
MI  Moulding injection 
MMT  montmorillonite  
NMP   N-methyl-2-pyrrolidinone  
PLA   Polylactic Acid  
PP  Polypropylene 
XIII 
PS Polystyrene  
RVE Representative volume element 
SBS Sofprene  
SEI Secondary electron imaging 
SEM Scanning Electron Microscopy  
SIM Simulation 
SLA Stereolithography  
SLS Selective laser sintering  
TIM Traditional injection moulding  
TPO Thermoplastic Polyolefin  
WAXD Wide angle x-ray diffraction  
XRD X-Ray Diffraction  
3PB Three-point bending 
4PB Four-point bending 
3DP Three-dimensional printing 
Chapter 1          Introduction 
 
Chapter 1 
Introduction 
1.1 Overview 
 
Nanoadditives including carbon nanotubes and carbon nanofibres have high 
influences at material properties and mechanical behaviours of polymer-based 
composites for novel applications in engineering fields. In order to enhance physical 
and mechanical properties, controlling nanoadditives’ particles dispersion and 
morphology orientation is always highly recommended. Therefore technologies 
based on nano-/micro-structural engineering across length scales have been 
developed and employed to obtain expected results but there is still a need to further 
develop them to fulfil the needs of the market. In particular, relevant fabrication 
processes and their methods are the main keys to improving material properties. In 
practice, powerful numerical modelling and simulations provide an optimal design 
tool of fabrication processes to achieve optimum control parameters for certain 
fabrication methods in a cost-effective and efficient way.  
In this research, moulding injection process and additive manufacturing process 
were employed to fabricate nano-polymeric composites and create experimental 
specimens. Moulding injection mould was designed, simulated for optimum process 
control. A metal block was machined with Computer numerical Control (CNC) code 
to prepare samples to standard ASTM dimensions. Material of injection moulding 
samples was fabricated in five sets of samples to represent raw material as 
benchmark, two phase composite of nanoadditives polymer-based composite and 
three phase composite of nanoadditives and nanofiber in the polymer-based 
composite.  
Fabricated specimens of nanoadditives polymer-based material structure were 
tested through mechanical tests as uniaxial tension test and four-point bending test 
to identify material properties, mechanical behaviours and experimental test results 
were validated by a finite element analysis (FEA) modelling of those tests. 
Experimental outcomes of data were processed to analyse the average of Stress-
Strain curves of each set and uniaxial tension results were the input of FEA 
modelling. Also, material properties of the fabricated specimens of nano-additives 
were compared with raw polymer-based as a benchmark to create a comparison 
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study. Furthermore, material composites were characterised with microstructural 
analysis facilities using Scanning Electron Microscopy (SEM) and X-Ray Diffraction 
(XRD) to identify crystallization of the polymer matrix, morphology orientation and 
Carbon nanotubes dispersion in the composite. 
Injection moulding process is the traditional manufacturing process that implements 
the reliable accuracy for a product but 3D printing is rapidly developed to 
complement manufacturing process. Due to the high interest of additive 
manufacturing, researchers have been committed to investigations to build a 
database for additive manufacturing materials, develop process methods and 
compare those with the traditional manufacturing process. Economically, 3D printing 
is more effective as the production has a fixed cost compared with moulding injection 
process as the mould, the initial cost, would cost higher and require longer time for 
design and operation to a final stage. On the other hand, additive manufacturing 
requires a CAD model to operate directly to a product. 
 In this research, 3D printed samples were generated as per ASTM standard 
dimensions with three different layer thicknesses and compared with samples of 
same material that were processed using injection moulding process. Furthermore, 
mechanical tests were conducted as uniaxial tension and three-point bending tests, 
to identify material properties. Also, experimental results were validated with FEA 
modelling to link a parametric study to point the modification of the process and 
material structure was characterised with Scanning Electron Microscopy (SEM) to 
identify the porosity in 3D printed samples.  
The two process methods; injection moulding and additive manufacturing were used 
to process different sets of samples but nano-composite structure was applied for 
injection moulding samples only due to lab and machine availability.  
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1.2 Aim and Objectives 
 
The general aim of this research is to fabricate nano-additives/fibre reinforced 
polymer-based composite samples through injection moulding processes, 
characterise these materials at different length scales and model experimental tests 
of these samples to validate material properties in design sense.   
 
The main objectives include:  
a) Development of a mould injection-based fabrication way to manufacture the 
nano-additives/fibre reinforced polymer-based composites through the traditional 
techniques; 
b) Development of additive manufacturing material based on layer thickness and 
comparison material properties with injection moulded samples as a benchmark 
and validate the results with finite element-based modelling; 
c) Characterisation of material properties and mechanical performance of the 
fabricated materials via experimental testing for microstructural analysis at the 
micro scale and structural analysis at the macro scale for both methods; injection 
moulding and additive manufacturing; and     
d) Development of simulation finite element-based modelling for experimental 
testing to validate the material properties results.  
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1.3 Research Methodologies 
In this research, the methodology was developed into three main tasks to fulfil the 
requirements of master degree (honours) by research in Western Sydney University. 
a) Material fabrication and sample preparation:
In this task, mould design was required to make specimens as per standard
ASTM dimensions. This mould was reviewed and simulated for the optimum
process control parameter then manufactured using CNC machine. Also, material
fabrication had gone through essential steps of mixing nano-additives with based
polymer of three different sets of two phase composite as 1wt%, 3wt% and 5wt%
of nano-additives, one set of three phase composite as 1wt% of nano-additives
and 1wt% of nano-fiber – material and compared these four sets with raw
polymer which identified as benchmark of material properties. Moreover, 3D
printed samples were prepared with three different sets of layer thicknesses and
compared with same materials that were prepared by injection moulding to
consider the last as a benchmark.
b) Experimental testing and characterisation:
Experimental tests of uniaxial tension test, three-point bending test and four-point
bending test were employed to extract mechanical material properties and
identify the improvement for the innovated materials. Specimen’s material
structures were characterised by microstructural analysis as Scanning electron
microscopy (SEM) and X-ray Diffraction to indicate nano-additives dispersion and
porosity for injection moulded samples and 3D printed samples, respectively.
c) Numerical modelling and validation:
Finite element modelling was employed to validate material properties as model
material properties were defined as experimental results. Test models were
developed identical to uniaxial tension test, three-point bending and four-point
bending test conditions at 1:1 scale specimen modelling (some models were
created as half but 1:1 scale) by using Abaqas simulation software. Simulation
results were validated to experimental results and further research details will be
commencing for optimal design of materials.
4
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The main innovations and outcomes from this research as listed below: 
• Fabrication of novel thermoplastic nano-composites based polymer by using
traditional moulding injection process;
• Fabrication and characterisation of thermoplastics by using novel additive
manufacturing process with controllable process parameters for comparison;
• Characterisation of material properties and mechanical behaviours of novel
thermoplastic nano-composite materials considering different weight fractions
of nano-addtives for improvement;
• Identification of the improvements on material properties and mechanical
behaviours for the innovated nano-composite materials fabricated using
moulding injection only; and
• Development of a systematic numerical analysis framework, which is based
on finite element modelling and simulations to model multiple material testing
processes including uniaxial tension, three-point bending and four-point
bending.
5
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Chapter 2 
Research Background and Literature Review 
 
2.1 Introduction 
 
Plastic plays an important role in human daily usage. Researchers developed new 
technologies to change material properties and mechanical behaviours, in particular 
thermoplastics due to re-cycle requirement, verity range of thermoplastic materials, 
price range and availability. Moreover, researchers have been widely investigating 
Nano technology additives in material composites and how they affect the material 
properties for verity of materials and plastics in particular. Also, nano-additives and 
nano-fibres have been used to improve the structure of polymeric based material but 
additive dispersion has greater influence to material properties, therefore, 
researchers have been focusing at this particular point and employed experimental 
tests to identify material properties and mechanical behaviours of polymer-based 
composites then characterised material structure by using micro-structural analysis 
facilities including Scanning Electron Microscopy (SEM), Differential scanning 
calorimetry (DSC) and X-Ray Diffraction (XRD) and validate their results through 
Finite element-based numerical modelling and simulations of material testing 
processes. 
In this research, three thermoplastic materials (HIPS, ABS and PLA) were separately 
employed in different processing methods to fulfil research requirements. Firstly, 
HIPS, which is known as tough plastic and able to resist high impacts, easy to 
fabricate, economical and has excellent dimensional stability, also Polystyrene is 
derived from oil and gas. This material is widely used in consumer and office 
products, automotive industry and food services. Secondly, the ABS which costs 
relatively higher to produce, approximately double the cost if compared to 
Polystyrene as ABS derived from oil and gas too, however ABS is integrated with 
rigidity and strength, and easily fabricated. ABS commonly used in aerospace 
applications, automotive and industrial applications. Finally, PLA which is relatively 
lower in strength compared to ABS but is known as a bioplastic and naturally 
degrades when exposed to the environment and fairly economical. This advantage 
motivates the manufacturers to use PLA for short lifespan products such as food and 
medical applications. To sum up, those three thermoplastic materials were used to 
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fabricate samples test for this research as they have different material properties and 
mechanical behaviours, to compare their process methods and outcomes.  
 
2.2 Fabrication of Polymeric Nanocomposites 
 
Polymers play important roles in modern life as plastics became a universal material. 
Plastics are not expensive and have useful mechanical properties which attract 
researchers to continually improve those properties and develop novel means to 
understand reinforcement mechanisms from additives and interactions between 
additives and base matrix materials. There is a co-relation between the two words 
‘polymer’ and ‘plastic’ as polymer represents a repeated units and subunits that 
compose large molecules, which are categorised into two classes: synthetic and 
natural polymers. On the other hand, plastics are synthetic or semi-synthetic 
polymers, which are classified as thermoplastics and thermoset polymers. Plastics 
have long chemical names and complex chemical structures (as in Figure 2-1) such 
as ‘polyoxybenzylmethylenglycolanhydride’, which represents another name for 
Bakelite. The word ‘plastic’ came from the Greek term – plasticos (Stensel 2007), 
which means they are shaped or moulded by heat, while polymer derived from 
Greek term – meros and polus and it means many parts.  
 
Figure 2-1 3D structure of Bakelite (Bakelite, Australia 2012)  
 
Thermoplastics are the plastics that can be shaped to a part then heated and re-
shaped to a new part, which make thermoplastics recyclable material. While 
thermoset plastics can be only shaped once due to chemical reactions that change 
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molecular weight and melting temperature. These chemical reactions make 
thermoset plastics reach decomposition temperature before melting temperature. 
There are some other classifications which are based on physical properties or 
product design.  
 
 
Figure 2-2 Recycle codes of plastic resins  
 
Recycle codes for thermoplastics have been globally identified, example shown in 
Figure 2-2; of plastics make recycling process easier to sort them as explained in 
Table 2-1.   
 
Table 2-1 Plastic identification codes (Plastics identification codes, Australia 2011) 
Plastic type Name 
Specific gravity and softens 
temperature 
Code 1 PETE Polyethylene Terephthalate  
Specific gravity: 1.38 
Softens: 55oC 
Code 2 HDPE High Density Polyethylene  
Specific gravity: 0.96 
Softens: 60oC 
Code 3 V 
Unplasticised Polyvinyl Chloride  
UPVC  
Specific gravity: 1.40 
Softens: 70oC 
Plasticised Polyvinyl Chloride  
PPVC  
Specific gravity: 1.35 
Softens: 70oC 
Code 4 LDPE 
Low Density Polyethylene  
and Linear: LLDPE 
Specific gravity: 0.92 
Softens: 40oC 
Code 5 PP Polypropylene  
Specific gravity: 0.90 
Softens: 80oC 
Code 6 PS 
Polystyrene  
Specific gravity: 1.06 
Softens: 85oC 
Expanded Polystyrene EPS  
Specific gravity: 0.92 
Softens: 85oC 
Code 7 Others 
Acrylonitrile butadiene styrene (ABS), acrylic, nylon, polyurethane (PU), 
polycarbonates (PC) and phenolics.  
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All these plastics in Table 1 are falling into thermoplastic category and they have the 
ability to form in different processing methods. These methods employ pressure, 
temperature and motion to re-shape plastics for example injection moulding. 
Injection moulding machine is used widely in plastic processing due to its 
performance and reliability. Injection moulding machine has four main parts, i.e. 
injection unit, clamping unit, system control and drive system as illustrated in Figure 
2-3. 
Injection unit includes hopper (with initial heater to melt plastics), screw (to mix and 
force molten plastic for injection), non-return valve (to stop molten plastic back flow) 
and heater bands (to increase temperature). While clamping unit has hydraulic or 
mechanical system (advance machines may have both systems operation together) 
to hold the mould during injection and solidification then eject product out of mould 
cavity (Zhou 2013). Some other injection moulding machines use different parts to 
increase injection volume control or parts that can process thermoset plastics. 
 
Figure 2-3 Injection moulding machine (Plastic injection, moulding machines, United 
Kingdom 2013) 
 
In the last decade, processing methods have been developed dramatically due to 
CAD development, as a result, many researchers have been focusing on three 
dimensional (3D) printing to improve the understanding of the printed parts 
behaviour, physical and mechanical properties, and generate a data base for users 
in both fields, academic and manufacturing. Also, additive manufacturing (3D 
printing) can employ different materials, metallic and polymeric. Polymeric printing 
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machine, as in Figure 2-4, prints filament side by side in specific range of diameters 
to generate a layer of filament.  
Figure 2-4 MakerBot – Replicator 2X printing machine 
This process repeated to make the final part and consider a solid domain which is 
100% infill, but many of these printed parts have been designed to consist of less 
material and shorter printing time, which is beneficial economically and 
environmentally. On the other hand, these designs utilise complex CAD models with 
structural lattice which takes longer time for computational process (Hwang et al. 
2015). 
Many plastic processing techniques have been developed to fulfil human daily 
requirements and transfer plastic raw material to a product or part of the product. For 
example of those processing methods are: injection moulding, 3D printing, blow 
moulding, extrusion, rotational moulding, and etc. Injection moulding process operate 
by using injection moulding machine which implement cycles of processes that 
employs temperature, pressure and force to obtain the final product. The 
temperature (generated by heater bands) melts plastic, then molten plastic injected 
into mould cavity under pressure to prevent returned flow and fill in plastic shrinkage 
gap in mould cavity due to solidification. 
Also, in the meantime, the machine employs high clamping force to hold the two 
parts of the mould so molten resin does not escape the cavity and then cooling the 
mould to make the product solid then pinned it out by ejection pins (Zhou 2013). 
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Injection moulding process can make parts in different sizes depending on to 
machine capacity and mould cavity shape. In blow moulding process, molten plastic 
filled partially in mould cavity then inflated to fill the cavity shape and open the two 
part mould and eject the product as shown in Figure 2-5. This process commonly 
used to make plastic bottles or hollow cylindrical shapes.  
Other processing method, like extrusion, used in combination with injection moulding 
and blow injection to make plastic pipes or tubes as injection machine melt plastic 
and inject it in long mould then inflate it to make the desired shape. From all those 
processing techniques, injection moulding has been widely used to fabricate polymer 
nano/micro-composite due to performance and versatility.   
In the past years, many researchers focused on polymer nano/micro-composites by 
using mould injection or other similar techniques. Wan et al. (2006) modified polymer 
surface (polypropylene) with nano-material (nano-calcium carbonate) in 3 percent 
weight and prepared two sets of samples in two different thickness (4mm and 2mm) 
by using hot press process under 15MPa pressure for 3 minutes at 180oC and 
surface of the samples has been treated by nano-calcium carbonate with aluminate 
coupling agent and stearic acid compatiliser then commenced similar process to 
prepare pure polypropylene (without nano-calcium carbonate) but slight 
improvement has been obtained to tensile test results as it increased by 4.3 % of 
pure-PP. 
Figure 2-5 Blow injection process (Plastic processing techniques, United states 
2014) 
While other researchers like Gao et al. 2012, Wan et al. 2006 and Wang et al. 2003 
developed advance device to improve the dispersion of nano/micro-composite in 
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polymer by using dynamic shear force during injection moulding which provided 
significant results (Gao et al. 2012). Experimental results show nano-particles 
dispersion in base polymer greatly contributes to mechanical properties which 
motivate researchers to control nano-particle distribution through fabrication process 
to obtain better results as the traditional behaviour of nano-particles are to separate 
in an irregular manner through the matrix. Even some nano/micro composites have 
been used as additives to reinforce the base polymer and improve mechanical 
property.  
The fabrication developed in this research by focusing at injection moulding process 
and the traditional techniques that have been developed in this field of research. 
In the next chapters, further explanation about injection moulding and additive 
manufacturing processes will be fulfilled with experimental and numerical results. 
 
2.2.1 Injection Moulding 
2.2.1.1 Traditional Injection Moulding 
The injection of plastics molten resin under pressure into mould cavity is called 
traditional injection moulding (TIM). This process is controlled by pressure and 
injection speed that set up on injection moulding machine. Mould (die) for TIM has 
two main plates or more according to product shape. Simple products require two 
plates mould, one is called fixed plate and the other is called movable plate. The 
second plate has mould cavity which represent final product shape as shown in 
Figure 2-6 that has the tensile test specimen for ASTM D638 standard. 
 
Figure 2-6 Photograph of the movable plate injection mould (Bom & Kalin 2008) 
 
Injection moulding machine holds the two parts of the mould at clamping unit. When 
injection process starts, the two mould parts are attached to each other, then 
ASTM D638 
specimen 
(mould cavity) 
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clamping force release movable plate to eject the product. Fanuc alpha 15 C (Figure 
2-7) is the available injection moulding machine at Western Sydney University which 
we are going to use in the experimental part of this research. 
Researchers like Pettarin et al. (2012), Mészáros et al. (2012) and Chen et al. (2013) 
used traditional injection moulding to prepare samples for experimental tests as each 
of them fabricated polymer based nano/micro composite through different methods. 
Pettarin et al. (2012) explained the fabrication process of two phase composite that 
include polypropylene and commercial nano masterbatch that has 50% of organic-
clay which has been mixed in 2%, 6% and 10% of masterbatch by traditional 
injection moulding. Samples have been fabricated in rectangular box shape by a two 
gated mould in 235oC injection temperature with 100kPa back pressure and 
90.3cm3/s of injection rate, holding time was 10 seconds with 300kPa packing 
pressure and cooling time was 15 seconds. While Mészáros et al. (2012) explained 
the preparation of three phases composite of Polyamide 6 reinforced by a basalt 
fibre (BF) (volcanic rock) in micro size fibre and montmorillonite (MMT) as nano-
particles and studied the mechanical properties of this new type of hybrid nano-
composite. 
 
 
Figure 2-7 Injection moulding machine, Fanuc alpha 15 C 
Preparation of the three phase composite starts with drying PA6 for 4 hours then 
mixed mechanically at room temperature with MMT then melt mixed in a high shear 
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twin screw extruder at 245oC temperature and 10 rpm speed. The new mixed 
granulates cooled and mixed with chopped BF then re –extruded and finally moulded 
in moulding injection machine as dumbbell specimens. On the other hand, the 
traditional two phase composition of nano-filler and base polymer has been 
investigated by Choi et al. (2012) but there was an evaluation between filtered and 
non-filtered composite. They investigated the effect of nano-filler clusters (nano-filler 
size and numbers) on the fracture behaviour at Polypropylene (PP) and 
thermoplastic Polyolefin (TPO) in uniaxial tension test and how that effect depend on 
particle distribution on specimen during mould injection. 
Choi et al. (2012) prepared two sets of specimen made from PP-TPO as shown in 
Table 2-2. Specimens have been prepared through a traditional procedure at start 
with mixing the materials in Table 2 in 30 mm fully intermesh co-rotating twin screw 
extruder then melt and inject the mixture to fabricate specimens (as shown in Figure 
2-8) in moulding injection machine which has been as described in Table 2-3. 
 
Figure 2-8 Geometry of the test specimen (Choi et al. 2012) 
 
Table 2-2 Chemical composition of nano-composite (Choi et al. 2012) 
Material Weight % 
3 MFR Polypropylene random copolymer with 3.5 weight percentage of 
ethylene comonomer 
69.8 
Polybond 3150 Polypropylene grafted maleic anhydride 20.0 
Clayton HY organo-montmorillonite 10.0 
Phosphite 168 0.2 
 
Crystallization behaviour has been explained by Chen et al. (2013) as they used 
carbon dioxide as a blowing agent to prepare Polypropylene /nano-CaCo3 composite 
and samples have been fabricated in two different methods, first group of samples 
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prepared by solid injection moulding in different injection speed (5Cm3/s and 60 
Cm3/s) and mould temperature (10oC and 60oC). The second group of samples 
prepared in similar process to the first group with two different concentration of CO2 
(7% wt and 5% wt) as blowing agent which has been called as Microcellular injection 
moulding.  
Table 2-3 Processing parameters (Choi et al. 2012) 
Processing Parameter  Parameter value 
Melting temperature 235 oC 
Mould temperature 63 oC 
Injection speed 14 mm/s 
Hold pressure 50 MPa 
Hold time 12 s 
Hold stroke 10.1 mm 
Li et al. (2013) investigate the influence of mould temperature on fibre orientation 
and tensile test as they prepared samples from ABS and short glass fibres in 20% 
fraction weight by injection moulding through one gate injection. Specimens have 
been set to 7 groups (ten samples prepared for each group) regarding to mould 
temperature which varied from 55oC to 150oC with injection parameters of 235oC 
melting temperature, injection time of 6 seconds, packing pressure of 55 MPa, 
packing time of 10 seconds and injection speed of 45% of the maximum speed for 
injection machine. 
 
2.2.1.2 Dynamic Packing Injection Moulding 
Fabrication of reinforced polymer based composites has been investigated by 
researchers in different polymers with various methods by locating nano or micro 
fillers in polymer base composite. The dispersion of nano-fillers in the base polymer 
matrix and the exfoliation are the two main factors for improving mechanical 
properties of the polymers (Zhou et al. 2005). This fact motivates researchers like 
Guan et al. (1995), Gao et al. (2012) and Hu et al. (2012) to improve Dynamic 
Packing Injection Moulding (DPIM) device which apply shear force to the molten 
resin by two pistons after injection to obtain even dispersion of nano-particles in the 
base polymer. Gao et al. (2012) and Hu et al. (2012) explained the use of nano 
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Calcium Carbonate as filler in the plastic industry because of its performance, 
property and the ability to enhance the polymer based composite.  
Gao et al. (2012) commenced a research by using DPIM to improve the tensile and 
impact strength for Polypropylene (PP) which has been reinforced by nano-Calcium 
Carbonate (Nano-CaCO3) in ratio of 10: 1. The tensile strength, impact strength and 
the other mechanical properties have been significantly improved. Samples which 
have been made of PP/Nano-CaCO3 by DPIM gives improvement of 39% to tensile 
strength and 144% to impact strength compared with same samples prepared by 
conventional injection moulding (CIM), Also, the tensile strength of PP/nano-CaCO3 
composite moulded by DPIM increased by 21% and the impact strength increased 
by 514% compared with pure Polypropylene particles moulded by CIM. The reason 
for these improved results was the break up and the homogenous distribution of 
agglomerate particles by shear stress that makes changes in Polypropylene matrix. 
On the other hand, Wan et al. (2006) used the same material (PP/Nano-CaCO3) 
which has been prepared by melt blending method and treating the surface of the 
samples with nano-particles. There was clear improvement in tensile strength, 
impact strength and the ultimate strain but the result was much lower than that of 
Gao et al. (2012) due to preparation method. 
Figure 2-9 Dynamic packing injection moulding device (Gao et al. 2012): (1) double 
live-feed device; (2) piston A; (3) stationary plate; (4) moving plate;(5) guide pin; (6) 
cavity; (7) insulating air layer; (8) piston B; (9) injection moulding machine 
The DPIM device (advance mould shown in Figure 2-9) applies shear force action on 
the melted resin of polymer in reversible motion from two pistons (A and B). The two 
pistons are controlled by the hydraulic system of the injection moulding machine and 
the resultant specimens were designed to be a 60 × 60 × 4 mm3 thin square plate 
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with two side fan gates which are thicker than specimen as shown in Figure 2-10 
(Gao et al. 2012). 
 
Figure 2-10 Outline of the square plate specimen. Dimensions are given in 
millimetres (Gao et al. 2012) 
On the other hand, Wang et al. 2003 fabricated two and three phase of materials by 
applying DPIM to prepare experimental samples which have been made from 
Polypropylene (PP), Polystyrene (PS) and Sofprene (SBS) in various percentage of 
weight. Samples have been prepared by blending two polymers in twin screw 
extruder machine then force the mixture and re-shape it as shown in Figure 2-11 
according to ASTM D638 M Standard. 
 
Figure 2-11 The sketch of mechanical test specimen dimensions according to 
ASTM638 M standard (Wang et al. 2003) 
 
2.2.1.3 Preliminary Design of Advanced Mould  
Advanced mould (Dynamic packing injection moulding device) is three plate mould 
which consist of two stationary plates and one moveable plate which has mould 
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cavity. Fabrication of dynamic samples (DS) was planned to run through DPIM 
device, as shown in Figure 2-12.  
 
Figure 2-12 DPIM preliminary mould design 
 
DPIM device applies shear force action at molten resin by two pistons moved 
reversibly at the same magnitude to obtain even dispersion for nano-particle in the 
base polymer. This device has been proven to improve mechanical properties (Gao 
et al. 2012).  
 
Figure 2-13 Pressure at flow simulation for DPIM 
 
Preliminary flow simulation results have been obtained of the dynamic packing 
injection moulding device. These results have been applied on Polystyrene (PS) as 
non- Newtonian fluid with 210oC (483 K) temperature, which is PS melting 
temperature, and an injection velocity of 0.38 m/s. Computational Fluid Dynamics 
(CFD) have been employed, as shown in Figure 2-13, to estimate the pressure, 
temperature and flow for the fluid as the maximum pressure was 21.9 MPa at molten 
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resin inlet to the mould with a temperature of 257oC (530 K) and maximum velocity 
of 0.895m/s. 
But due to machine size limitation and availability, it has been decided to fully design 
and manufacture traditional mould to prepare experimental samples and operate 
DPIM in future research. 
 
2.2.2 Additive Manufacturing (3D Printing) 
 
Three dimensional printing (3DP) is a process of fabrication based on layers that 
represent a segment of a two dimensional (2D) layer over the other to make the part. 
Those layers were executed on computer software to print the entire model (Pires et 
al. 2014). Limited research effort was employed to analyse mechanical properties of 
3D printed materials by employing uniaxial tension, bending test and other 
mechanical test means even at small length scales, which are urgently required to 
evaluate 3D printed materials (Elhebeary & Saif 2017). 
3D printing, also referred to additive manufacturing (AM), has been developed as a 
revolutionary manufacturing process, becoming a potential process to replace 
conventional manufacturing processes. Additive manufacturing process – Fused 
Deposition Modelling/Fused Filament Fabrication (FDM/FFF) has been developed to 
rapidly print thermoplastic products while the traditional manufacturing process – 
injection moulding has been well developed for making thermoplastic products with a 
long history (Dalaq, Abueidda & Abu Al-Rub 2016). Although the materials which are 
popularly used for 3DP are currently limited to thermoplastic materials in market, 
researchers were keen to use 3DP to fabricate high viscosity materials, such as Cu 
paste, and verity of composite materials, such as Micro/ Nano particles and fibres, as 
additives to widening material range and applications (Fischer, Rommel & 
Bauernhansl 2013), (Gunel & Basaran 2013) and (Hong et al. 2015). Also, the 
implementations of 3DP process to make complex parts would cost much more than 
those using Injection Moulding process, i.e. prototype models and even biological 
substitutes, such as scaffolds for bone tissue (Castilho et al. 2015). On the other 
hand, numerical investigations were employed to evaluate typical 3DP processes 
using commercial software, and gain a better understanding about 3DP process and 
material behaviour of 3D printed materials (Hossain et al. 2015). Polylactide (PLA) 
and Acrylonitrile Butadiene Styrene (ABS) as popular 3D printing materials attracted 
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research interests, yet are compared with Injection Moulding for same material 
(Hwang et al. 2015). 
Researchers conducted a comparative study to investigate material properties and 
mechanical behaviours of different commonly-used 3D printing thermoplastic 
materials, such as Polylactic Acid (PLA), via mechanical experimental tests. Also, 
two main control parameters were applied, sample fill capacity and addictive 
direction of sample printing. The samples were devised according to ASTM standard 
and fabricated using 3-D printing machine. The outcome showed an increase in 
ultimate strength of the material by 5% of similar fill capacity but different printed 
direction and the ultimate stress was about 20% larger of samples printed with 100% 
fill capacity to those printed in 10% capacity (Yang, Zhao & Park 2015). 
Additive manufacturing processes have been developed rapidly in the previous 
years, from prototype and simple models to production line and manufacturing, due 
to the variety of applications, reliability and cost, especially fused deposition 
modelling (FDM). The other 3D printing methods considerably cost higher and 
intricate techniques to run the processes such as electron beam melting (EBM), 
selective laser sintering (SLS), stereolithography (SLA) and micro dispensing 
deposition write (MDDW) (Lin et al. 2013). Majority of 3D printing processes using 
filament, powder and liquid as building material and some others using paste like 
MDDW. Also, the methods have a wide range of layer thickness, from 0.002 mm to 
0.1 mm, and utilizing different techniques like melting, sintering and curing. In 
highlight of 3D printing methods, FDM generate heat to melt the filament and form it 
to the required model as tubes side by side to generate a layer then repeat the 
process to make them layer by layer (David et al. 2010). Fused deposition modelling 
process employ thermoplastic filaments as model building material in layer thickness 
range of 0.1mm to 0.8 mm and many polymer types can be used in this process, 
such as ABS, HDPE, LDPE, PVC, PLA, and others (Hwang 2015). Other printing 
process is electron beam melting (EBM) that utilise metal powder to create the 
model structure with a layer thickness of 0.05mm to 0.075 mm and mainly using 
metal and alloys in this process (Ramirez et al. 2011). Similarly, selective laser 
sintering (SLS) using powder to create the matrix, as EBM, of the part but SLS can 
use metal or polymer to make layers with thickness of 0.1 mm to 0.3 mm and 
employing sintering as building principle (Gibson 2006). Also, both techniques have 
the possibility to generate the part without frame, as a support; to hold the part 
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because none of the melted powder will be surrounding the printed piece as SLS 
utilise laser radiation of power carbon dioxide to fuse the powder, while EBM using 
electron beams with high energy to construct the object.  
 
Table 2-4 3D printing methods and applications 
 Layer thickness Method Material Printing form Application 
EDM 0.05 to 0.075 mm Sintering or melting Metal or alloy Powder 
Medical implant and 
Aerospace 
FDM 0.1 to 0.8 mm Melting 
Thermoplastic 
polymers 
Filament 
Medical implant, art and 
design, everyday applications 
SLS 0.1 to 0.3 mm Sintering 
Metal or 
polymer 
Powder 
Tissue engineering and 
automobile 
SLA 
Less than 0.002 
mm 
Photo 
Polymerization 
Resin Liquid Biomedical 
MDDW 0.05 to 0.1 mm Sintering Metal paste 
Liquid or 
paste 
Defence and printed 
electronics 
 
On the other hand, SLA and MDDW using liquid as building material but SLA 
process can print a layer with 0.002 mm thickness due to laser beam diameter and 
scanning speed which is less than 3 m/s that’s why SLA parts have been used in 
medical applications due to the high accuracy of parts (Melchels, Feijen & Grijpma 
2010) and (Murr 2015) . While MDDW method is capable to print a layer thickness of 
0.05 mm to 0.1 mm and employing high viscosity material, that include nano-
materials as metal paste, to print the part (Kim & Han 2010). Table 2-4 highlighted 
3D printing applications, regarding printing thickness and possible materials.  
2.3 Numerical Modelling 
2.3.1 Computational Fluid Dynamics (CFD) 
Computational Fluid Dynamics (CFD) is a numerical method to analyse and solve 
problems in fluid flow. Developers and researchers have been using CFD to reduce 
the cost and time by creating a model and optimise process control. Gerber, Dubay 
and Healy (2006) created a model of injection machine which include the hopper, 
melting zone and three heaters. They employed CFD to contribute in flow 
calculations and connect simulation to a model predictive control data base. This 
data base can optimise process control and solve the problems as CFD was running 
offline and online as shown in Figure 2-14.  
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Figure 2-14 Strategy for CFD based process control (Gerber, Dubay & Healy 2006) 
 
On the other hand, Xie, Ziegmann and Jiang (2009) commenced a comparison 
between two simulation software (Moldflow and Comsol CFD Multiphysics) and an 
experimental study to evaluate weld lines in a micro injection moulding. This 
research proved that MoldFlow simulation software could not explain weld lines in 
micro injection moulding compared to the real samples, similarly, Comsol CFD 
software was not accurate but it shows air mix with melt flow which was identical to 
the valid results that obtained in the experiment. 
Some other researchers like Bress and Dowling (2013) and Griffiths et al. (2008) 
compared results between flow simulation and experimental. Bress and Dowling 
(2013) employed (PIV) that has been installed on modified optical access mould to 
obtain data of the maximum velocity through cavity thickness and compared that 
data with Moldflow simulation results. But Moldflow simulation calculates the mean 
velocity through the cavity thickness, not the maximum velocity which motivate Bress 
and Dowling to use assumption equation of the average velocity at specific point 𝑢R 
mean  or  𝑢 which equals the maximum velocity at mid- cavity point 𝑢𝑚𝑚𝑚 multiplied by 
profile factor F as shown in the Equation 2-1 below: 
𝑢𝑚𝑚𝑚𝑚 = 𝐹𝑢𝑚𝑚𝑚 …… (2-1) 
As profile factor F assumed to be constant to give the Equation 2-2 below: 
𝐹 =  𝑄
∫ 2𝐵(𝑢±𝑚𝑢)𝑑𝑑 𝑠   …… (2-2) 
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Q is the injection volume flow rate; S is the assumption control surface for mould 
cavity; B is half thickness of the cavity and 𝑒𝑢  represents the error of velocity at 
particle image velocimetry. With those equations, the average profile factor is found 
to be 0.7 ±0.1 which gives almost similar results for theoretical and experimental 
comparison. Polystyrene with 0.02 percentage weights of aluminium flakes has been 
loaded to injection moulding machine to prepare experimental samples and similar 
boundary conditions. Material has been assumed for simulation but there were 
discrepancies for the result comparison at cavity walls due to Moldflow software 
limitation.  
2.3.2 Finite Element Analysis (FEA) 
 
Finite element analysis is a computerised numerical method to simulate problems 
and obtain results and calculation through mathematical equations. Nowadays, 
designers simulate their projects through numbers of software that use FEA method. 
Li, Gong and Cheng (2013) studied the dispersion of fibre orientation for specimen 
that has been injected by injection moulding through finite element simulation. That 
simulation has been carried out for fibre orientation in shear layer and core layer as 
shown in Figure 2-15. According to the simulation, fibre direction in shear layer were 
nearly similar to injection flow direction except ends of the specimen but fibre 
direction in core layer shows non-uniform distributions in all specimen parts. Other 
researchers like Azeem et al. (2009) and Jin, Jiang and Yu (2010) employed finite 
element simulation to solve other problem during injection moulding.  
 
 
Figure 2-15 Fibre orientation of the specimen (Li, Gong & Cheng 2013) 
(a) Fibre orientation in the shear layer; (b) Fibre orientation in the core layer 
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Azeem et al. (2009) simulated wear problem for plastic parts that have been made 
by injection moulding process and commenced an experiment which was similar to 
that model. Wear algorithm has been formed and computerised to be identical to two 
plastic parts sliding on each other as it considers the real environmental loads, 
speed of sliding, material composite, applied temperature, etc. The wear results of 
this research was not identical for real life and FEA as real experiment shows 
irregular wear for the plastic part but FEA shows a uniform wear. Researchers 
explained that non-uniform loads and dimension changes (because of wear) were 
the actual reasons for that difference in results. 
Qiao & Catherine Brinson (2009) and Peng et al. (2012) simulated a 2D model of 
nanotubes within the composite using ABAQUS, commercial FEA package. Those 
models had been designed to analyse mechanical properties and assumed the 
repeated affect at the structure so representative volume element (RVE) had been 
included because of the transversely isotropic material. Qiao & Catherine Brinson 
(2009) assumed a model with random dispersion of circles represent nanotubes in 
the composite, which interact with other components without overlap and defined the 
2D component as displacement function and randomly located circles to generate a 
uniform to random separation in the nano-composite. The results of Qiao & 
Catherine Brinson (2009) shows a limitation due to 2D model and obtained high 
similarity in results for low volume fraction interphase, but when interaction increased 
with the increase of particle numbers, results varied between experimental and 
numerical. 
Peng et al. (2012) employed a complicated 2D model that represents a reality in 
nano-composite material. The model assumed single particle cell, many single 
particles in uniform and random dispersion, single cluster cell and multi cluster cell 
as in Figure 2-16. Peng et al. (2012) had similar outcome for the generated model as 
simulation results were closer in low volume content of particles and 2D model had 
limited numerical results. 
On the other hand, Guzmán de Villoria & Miravete (2007) had experimental study of 
single wall carbon nanotubes (SWCNT) as short fibres, applied as 0.1 wt% and 
0.5wt%, and epoxy resin as base polymer and developed a 3D micro-mechanical 
model similar to the composite to estimate the Young modulus and compare it with 
experimental results.  
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Figure 2-16 Scheme of constructing unit cells of nano-reinforced polymer composites 
(Peng et al. 2012) 
 
Four different models had been considered based on particle orientation and 
concentration, the higher considered as a cluster in the matrix. Two of the models 
were defined as lamina but outcomes were not identical to experimental results and 
the other two models had closer to similar results, compared to experimental. Also, 
this research outcome was the higher in nano-particles as fibres had greater 
variation to the numerical results.  
To sum up, modelling outcomes might vary to practical in higher concentration of 
fibres/ particles in both two or three dimensional models but 3D modelling has more 
consideration for factors and parameters that 2D model might be neglecting them.  
 
2.4 Material Characterisation 
2.4.1 Microstructural Analysis 
Researchers have used variety of machines to analyse material matrix. Majority of 
researchers like Deng et al. (2010), Xueqin et al. (2008) and Pettarin et al. (2012) 
used Scanning electron microscopy (SEM) to produce high resolution images, X-ray 
diffraction (XRD) to determine the crystallinity of atoms and molecules and 
Differential scanning calorimetry (DSC) to obtain heat fusion. Deng et al. (2010) 
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employed those three instruments to obtain the improved results. For SEM, they 
polished surface area of the specimen then etched in combination of Sulphuric acid 
and nitric acid hydrate for 60 minutes at ambient temperature then coated with a 
layer of gold. The SEM image as shown in Figure 2-17, which has a uniform 
dispersion for (b)HDPE and (d)HDPE/OMMT by using dynamic packing injection 
moulding, while static packing injection moulding (traditional injection) shows 
irregular matrix for both composite in (a) and (c). 
While Xueqin et al. (2008) used Wide angle x-ray diffraction (WAXD) to determine 
the crystallinity and DSC for fusion heat of Polypropylene / nano-calcium carbonate 
which has been prepared by vibration injection moulding and traditional injection 
moulding. WAXD results shows alpha polypropylene crystals and gamma 
polypropylene crystals have been formed at shear layer due to vibration injection 
moulding, while gamma polypropylene crystals did not appear in traditional injection 
moulding as gamma polypropylene crystals has the ability to increase tensile 
strength as explained in Figure 2-18. 
 
Figure 2-17 SEM images of HDPE and HDPE/OMMT samples molded using the two 
processing technologies: (a) SPIM, HDPE; (b) DPIM, HDPE; (c) SPIM, 
HDPE/OMMT; (d) DPIM, HDPE/OMMT. The melt flow direction is from left to right 
(Deng et al. 2010) 
 
Also DSC has been used to determine crystallinity of samples in the Equation 2-3 
below:   
 
𝑋𝑐 = ∆H𝑐(1−ϕ)∆𝐻𝑚0 × 100% …… (2-3) 
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Where Xc is sample crystallinity percentage, ∆H𝑐 is crystal fusion heat from DSC in 
Figure 2-19, ϕ is mass percentage of nano-calcium carbonate in the composite ∆𝐻𝑚0 R 
is perfect crystal fusion heat of polypropylene. 
 
 
Figure 2-18 WAXD curves of conventional and vibration sample shear layers (Xueqin 
et al. 2008) 
 
Chen et al. (2013) evaluated crystal type and orientation by using X-Ray 
Diffractometer analysis (XRD) and Differential Scanning Calorimeter (DSC). The 
XRD samples have been cut to three different locations (surface, intermediate and 
core), with 100 µm thickness, while DSC samples sliced to 600 µm and located on 
surface and core as in Figure 2-20. 
 
 
 
Figure 2-19 DSC curves of conventional and vibration samples (Xueqin et al. 2008) 
 
 
27
Chapter 2      Research Background and Literature Review 
 
  
  
Figure 2-20 Schematic of DSC and XRD specimen preparation. DSC: differential 
scanning calorimetry; XRD: X-ray diffraction (Chen et al. 2013) 
 
They concluded that crystallinity degree was higher at sample surface and became 
higher with adding CO2 as blowing agent. Also, crystallinity degree has no relation to 
the speed of injection and temperature of the mould. Moreover, the value of 
crystallinity decreased at surface layer from 0.43 % to 0.39% when adding more filler 
because fillers obstruct crystal formation. 
 
2.4.2 Mechanical Property Tests 
 
Researchers evaluate material properties by applying mechanical tests such as 
uniaxial tensile test, three-point bending test, melt flow index testing and orthogonal 
cutting test. Mészáros et al. (2012) fabricated three phase hybrid composite and two 
phase traditional composite and employed melt flow index test, tensile test and 
flexural test to study materials properties. Results showed there was increase in 
shear force which lead to break in the larger aggregates and increased the 
nanoparticle dispersion in the composite. Also, there was strength in tensile and 
flexural mechanical properties because of the shear forces of the melt caused by 
basalt fibres. The two phase composites, compared to the three phase hybrid 
system, have lower tensile strength and tensile modulus but higher percentage strain 
at break in Figure 2-21. They concluded that the usage of short basalt fibres can 
improve the nanoparticles distribution in the matrix. 
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Figure 2-21 Tensile properties of the materials, (a) elongation at break; (b) tensile 
strength and (c) tensile modulus (Mészáros et al. 2012) 
 
On the other hand, Choi et al. (2012) characterize specimen behaviour at ambient 
temperature for filtered and non-filtered composite as regular ductile fracture as 
shown in Figure 2-22.  
They notched specimens at 0oC temperature broke in brittle and/or quasi-brittle form 
with higher sensitivity for the filtered composite specimens. Researchers observed 
four damage micro-mechanisms during the test at room temperature before 
specimen broke as explained in Table 2-5 and Figure 2-22. 
  
Figure 2-22 Macroscopic photos of fractured samples after tensile test at ambient 
temperature (Choi et al. 2012) 
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Researchers suggested that polymer nano-composites have the ability to improve 
material stiffness while preserve effective toughness of polymeric composites 
(Schadler, Brinson & Sawyer 2007). Also, the spread of nano-particles is one of the 
important factors because homogenous dispersion of nano-particles in the matrix 
creates stronger material which has better physical and mechanical properties.  
 
Table 2-5 Damage micromechanisms during the test 
No. Failure Appearance 
1 Distributed micro-
crazing/cavitation 
Clusters of black 
dots 
2 Neck formation Whitening 
3 Skin breakage Skin break 
4 Delamination Core-skin 
 
Moreover, Pettarin et al. (2012) mentioned that “The Izod and Charpy tests have lost 
favour in engineering design because they cannot be used directly in the 
calculations” and it has been used in the past to characterise the toughness of 
materials and many researchers using the fracture mechanics in calculation.  
Choi et al. (2012) and Li et al. (2013) employed tensile test to characterise 
mechanical properties of material as Li et al. (2013) commenced tensile test at about 
26oC and set tensile speed to 5 mm/min. The average of tensile strength results 
varied from 102.52 MPa to 93.65 MPa as mould cavity temperature ranged from 
55oC to 150oC respectively. They concluded that the dispersion of fibre orientation in 
the test samples is the reason of the variation of tensile strength results. 
 
2.5 Summary 
 
To summarise background research, thermoplastic materials mainly have been 
fabricated via using various moulding injection technologies, which are currently still 
in a dominate position in the thermoplastics industry as a transitional manufacturing 
technology. Recently additive manufacturing technologies (3D printing) got a 
booming and becoming more and more popular than any other manufacturing 
technologies. It might be a substitute for moulding injection in the near future. 
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Apart from fabrication and manufacturing of thermoplastic materials, even dispersion 
of nano-additives at base polymer plays a significant role to greatly improve material 
properties of the fabricated composites. This fact motivates researchers to develop 
novel material fabrication processes and technologies including both moulding 
injection and additive manufacturing to obtain better materials than existing ones.   
The research gap found via literature review is what we could have, on whether or 
not 3D printing will be the replacement of the traditional moulding inject for polymeric 
materials and their associated materials. This research is attempting to answer this 
question partially.   
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Chapter 3 
Sample Design and Material Fabrication 
 
3.1 Introduction 
Specimen preparation for moulding injection process and additive manufacturing 
process are the core topics of this chapter. Mould was designed based on literature 
and mould maker information to prepare samples at mould cavity which has been 
designed and optimised by employing finite element analysis (FEA) to achieve 
optimum control parameters for certain fabrication methods in a cost-effective and 
efficient way. Moulded injected samples have been prepared at mould cavity but 3D 
printed samples were printed directly at 3D printing machine. Also, fabrication 
processes for injected samples are explained to fulfil the requirement and assumed 
to have nano-additive dispersion in polymeric material structure. 
 
3.2 Sample Design and Evaluation of Mechanical Properties 
3.2.1 Sample Design and Modelling 
Uniaxial tensile test specimen was designed according to Type I of ASTM D638-10 
standard, dimensions were similar as shown in Figure 3-1, as samples have the 
same size with a total length of 165 mm, an active gauge length of 50 mm and 13 
mm width with overall thickness of 3.2 mm. Similarly, specimens were used for 
three-point bending test ASTM D790-10 standards and four-point bending test ASTM 
D6272-17 for testing additive manufacturing samples and moulding injection 
specimens, respectively, as further details will be explained in this research. 
ASTM standards have been employed because of the reliability of testing protocol 
and low percentage of reinforcement nano-particles in the composite as this 
research employing raw base polymer as a benchmark for comparison with 
reinforced based polymer.  
Also, ASTM D3039 standard might be applicable for uniaxial tensile test but it has 
been designed for highly oriented polymeric nano-composite not as random 
orientation and low nano-composite volume. Moreover, ASTM D638 standard is 
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recommended for a composite with less than 20.68 GPa (equivalent to 3 MSI) of 
tensile modulus. 
 
Figure 3-1 Specimen dimensions based on ASTM standard D638-10 
 
In design details, there were two conceptual designs based on literature research 
about runner location in mould cavity as this location might increase the random 
dispersion of nano-particles in the composite. Firstly, the runner to become shorter 
by locating the injection gates at the corner of the grip in the specimen as this would 
shorten the injection time and generate a side turbulent flow during the injection 
process and that assumed to give more probability for nano-particle separation in the 
composite, as shown in Figure 3-2.a.  
  
 
Figure 3-2 Specimen design  
 
Secondly, design the injection gate in the middle of specimen grip as this considered 
longer during the injection time but the molten flows equivalently in both sides of 
injection gate and this might offer uniform dispersion of nano-particles, as shown in 
Figure 3-2.b. Both designs have 2o draft, as recommended by literature research 
(Zhou 2013), for runner and specimen to secure smooth ejection after solidification 
Sprue 
Runner 
Middle injection gate 
Side injection gate 
Shorter runner a) Design 1 b) Design 2 
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process and to verify the reliability of both designs, SolidWorks Plastic 2013 
simulation has been employed to understand the advantages and disadvantages for 
each design, assume the recommended injection moulding parameters and the 
minimum required cooling time.  
Regarding to sample modelling, there are many commercial software for injection 
moulding, that represent Computer Aided Design (CAD), are available in the industry 
to optimise injection moulding parameters such as injection velocity, flow rate, air 
traps, cooling time, minimum required pressure and temperature. Moreover, CAD 
software has been used to develop design quality, designer productivity and create 
easy access data information that can be used for communication with others.  
Therefore, SolidWorks Plastic 2013 has been utilised for this purpose due to 
reliability and availability (Amran et al. 2015). There are logical steps to go through 
before optimising injection parameters. These steps starting with draft sketch the 
specimen to give an initial image for the parts then creating a two dimensional sketch 
in SolidWorks and extrude the shape to the solid product three dimensional part. At 
this stage, corners and edges were sharp in design with no draft. Many of these 
factors affect the design part significantly, for example, sharp corners causing a 
blockage for the molten during injection process that would lead to flow marks at the 
part and generate stresses in the part structure that affects material properties. 
 
Table 3-1 Simulation results for Design 1 
Design 1 steps Flow step Pack step 
Simulation parameters Value unit Value unit 
Filled Percentage 100 % 100 % 
Time to fill 2.65 sec   
Time to solidify   28.06 sec 
Max. Pressure at end of the step 41.89 MPa 4.40 MPa 
Temperature range 234-140 oC 50-110 oC 
Max. shrink percentage (without cooling) 9.81 % 9.25 % 
Max. Inlet flow rate 9.41 cc/sec   
 
Solidworks Plastic employs various tools and suggestions to improve the part design 
and offers some recommendations for failure parts. Model has been developed 
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through couple of simulations as part injection gate, edges and corner design (fillet) 
and draft degree were added to create advance design. Also, moulding injection 
parameters have great influence at polymer base structure and nano-particle 
desperation in the matrix. In the simulation, those parameters applied in two main 
steps, firstly the Flow step, which represents, in reality, the flow of the molten in the 
sprue, runner to the cavity and stops with the initiation of packing pressure.  
Secondly, the pack step as this is the packing and solidification of the sample and 
ends with opening the mould and ejecting the part by ejection pins. Those steps 
have been simulated for Design 1 (side injection gate to the cavity) and the results 
were summarised in Table 3-1. 
To discuss Design 1 simulation results, the maximum inlet flow rate, for this 
specimen dimensions, was 9.41cc/sec which affect filling time to 2.65 seconds as 
this considered a short time. The maximum solidifying time is 28.06 seconds with 
possibility to shortening the time and shrink percentage by controlling mould 
temperature. Additionally, the flow/velocity vectors was simulated to illustrate the 
pattern of the flow and estimate the nano-particle dispersion as shown in Figure 3-
3.a. The flow velocity for Design 1 geometry was ranged from 94.85 cm/sec at sprue 
and runner to 0.79 cm/sec at many points in specimen cavity. 
 
Table 3-2 Simulation results for Design 2 
Design 2 steps Flow step Pack step 
Simulation parameters Value unit Value unit 
Filled Percentage 100 % 100 % 
Time to fill 3.01 sec   
Time to solidify   30.98 sec 
Max. Pressure at end of the step 34.14 MPa 10.1 MPa 
Temperature range 235-114 oC 50-127 oC 
Max. shrink percentage (without cooling) 10.12 % 9.66 % 
Max. Inlet flow rate 10.07 cc/sec   
 
Similarly, simulation was applied for Design 2 (middle injection gate to the cavity) 
and results was summarised in Table 3-2. The maximum inlet flow rate, for this 
specimen dimensions, was 10.07 cc/sec which affect filling time to 3.01 seconds as 
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this considered slightly longer then Design 1. The maximum solidifying time is 30.98 
seconds with possibility to shortening the time and shrink percentage by controlling 
mould temperature. 
  
Figure 3-3 Flow victors simulation  
Also, the flow velocity was ranged from 118.45 cm/sec at sprue and runner gradually 
slowing to 0.66 cm/sec at specimen cavity, as shown in Figure 3-3.b. 
Both designs were filled to 100% due to draft angle and the elimination of sharp 
angles and employing fillet as a replacement option. Also, the temperature range, 
time to fill, time to solidify, flow rate and shrinkage percentage, for both flow and 
pack steps, were slightly different for both designs, but the maximum pressure for 
Design 1 was 41.89 MPa at flow step and dropped to 4.40 MPa at pack step, while 
Design 2 pressure was 34.14 MPa at flow step and dropped to 10.10 MPa at pack 
step which was considerably more than double compared to Design 1. Moreover, the 
flow vectors of molten simulation for Design 2 was uniform and disperses 
equivalently for both cavity sides in same injection, while Design 1 simulation shows 
irregular dispersion for flow vectors and the top cavity fills faster than the bottom 
cavity. Additionally, the injection air traps simulation shows irregular pattern at 
Design 1 while Design 2 simulation shows identical for cavity sides. Due to those 
differences, Design 2 was preferable and manufactured for the continuity of this 
research.  
3.2.2 Material Selection 
Base Polymer 
In this research, selected base polymer is STYRON A-TECH™ 1300 Polystyrene 
from TRINSEO (Styron) which is a high impact polystyrene with a melt flew rate 
a) Design 1 b) Design 2 
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(MFR) (2000C /5.0 Kg) of 4.5 g/10 min according to ASTM D1238 method test and 
tensile strength nominal value for injection moulded samples of 27.6 MPa.  
Nanoparticles 
Graphitized (high temperature treated) multi-walled carbon nanotube (GMWCNT) 
was selected as nano-particle for the composite and has been purchased from 
Nano-structured & Amorphous Materials, USA with 99.9% purity, outside diameter 
range of 8-15 nm, inside diameter range of 3-5 nm and approximate length of 50 µm. 
Nanofibers 
Graphitised carbon nanofibers (GCNF) was selected as fibres for the composite with 
diameter range of 200-600 nm, length range of 5-50 µm and 70% purity from Nano-
structured & Amorphous Materials, USA. 
Solvent 
 N-methyl-2-pyrrolidinone (NMP) as a stable homogenous dispersion solvent was 
purchased from Sydney Solvents, Australia with 99.8%.purity. 
 
3.2.3 Evaluation of Mechanical Properties 
Uniaxial tension, three-point bending and four-point bending tests were employed to 
study material properties and mechanical performance of the developed materials 
and the pure polymer material which has been used as a benchmark material to 
demonstrate the improvements that have been developed. 
 
Uniaxial tension test 
ASTM D638-10 standard was employed for uniaxial tension test as the later applied 
at least 6 samples per set by using Instron 3366 (USA) machine which has capacity 
of 10kN, available at Sydney University - Sydney, for moulding injection samples. 
Also, the test was applied at 8 samples per set by using Instron 3365 (USA) machine 
which has capacity of 5kN, available at Kingswood campus– Western Sydney 
University, for 3D printed samples. 
Calculation for the true strain (𝜀𝑇) as Equation 3-1 below (ASTM Standards 2010) 
and explained in Figure 3-4:  
 
 
𝜀𝑇 = ∫ 𝑑𝑑/𝑑𝐿𝐿𝑜 = 𝑙𝑙𝑑/𝑑𝑜 …… (3-1) 
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Where: 
dL = increment of elongation when the distance between the gauge marks is L, 
Lo = original distance between gauge marks, and 
L = distance between gauge marks at any time. 
 
Figure 3-4 Illustration of true strain equation (ASTM Standards 2010) 
 
Three-point bending test 
Three-point bend test was applied according to ASTM D790-10 standards by 
employing Instron 3365 (USA) machine which has capacity of 5kN, available at 
Kingswood campus– Western Sydney University, for 3D printed samples. Only one 
sample was tested for each case for validating the finite element modelling of three-
point bending to capture the flexure behaviours numerically.   
Calculations for flexural stress (𝜎𝑓) of any point at the load-deflection curve, which 
has been used, can be calculated in equations below (ASTM Standards 2017): 
 
𝜎𝑓 = 3𝑃𝑑/2𝑏𝑑2 …… (3-2) 
𝜖𝑓 = 6𝐷𝑑/𝑑2 …… (3-3) 
Where: 
σ = stress in the outer fibres at midpoint, MPa, 
ϵ = strain in the outer surface, mm/mm, 
P = load at a given point on the load-deflection curve, N, 
D = deflection of the centre of the beam, mm, 
L = support span, mm, 
b = width of beam tested, mm, and 
d = depth of beam tested, mm. 
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Four-point bending test 
Four-point bend test was applied according to ASTM D6272-17 standard by using 
Instron 3366 (USA) machine which has a capacity of 10KN, available at Sydney 
University, for moulding injection samples with at least five samples were tested for 
each case. Calculations for flexural stress (𝜎𝑓) and flexural strain (ϵf) of one half of 
the support span, which has been used, can be calculated in equations below 
(ASTM Standards 2017): 
 
𝜎𝑓 = 3𝑃𝑑/4𝑏𝑑2 …… (3-4) 
𝜖𝑓 = 4.36𝐷𝑑/𝑑2 …… (3-5) 
Where: 
σ = stress in the outer fibres at midpoint, MPa, 
ϵ = strain in the outer fibres, mm/mm, 
P = load at a given point on the load-deflection curve, N, 
D = deflection of the centre of the beam, mm, 
L = support span, mm, 
b = width of beam tested, mm, and 
d = depth of beam tested, mm. 
 
3.3 Nano Polymer Composite Fabrications Using Moulding Injection  
3.3.1 Preliminary Mould Design 
Mould (die) is the cavity were the molten plastic injected to reshape and solidify of 
the final product or part of that product. There are different methodologies to design 
the mould ranged from simple to complex and from two main parts to three, four or 
more parts. As preliminary design for this research, advance mould was considered 
for design to achieve better results but due to machine size limitation and availability, 
only traditional mould was manufactured. DPIM will be considered in future work. 
 
Traditional mould is two main parts (plates) mould which consist of a stationary part 
and a movable part as the movable part has the mould cavity which will be used to 
prepare experimental traditional samples. The design of this mould is considered the 
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machine size, Fanuc 15C Alpha, which is available at University of Western Sydney -
Penrith campus and machine features.  
 
3.3.2 Traditional Mould Design and Modelling 
To fulfil the requirement of this research, moulding injection die (mould) have been 
designed and tested to prepare polymeric samples. Raw blocks (moulds) have been 
purchased from Hales Australia with different dimensions with JIS standard mould 
base 1525 was considered for design (in A Type) because of machine limitation. The 
mould consist of several hardened steel plates (2311 or equivalent) that hold the 
cavity and seamless carbon steel (SC50) for clamping and support plates. Majority of 
the plates have clearance of (+0.5 – 0) which make it more reliable and accurate for 
calculation and design.  The main plate for this mould is plate B which holds the 
sample cavity as shown in Figure 3-5.  
 
Figure 3-5 A-Type mould from Hales Australia (Hales 2018) 
 
This mould has been designed in SolidWorks commercial software identical to raw 
block dimensions and employed SolidCAM 2013, add-ins software to SolidWorks, to 
generate G & M code for CNC machine for accurate machining. Based on our design 
and simulation, which will be explained in details in this chapter, plate A is 25 mm 
thick, 250 mm width and 150 mm heights as shown in Figure 3-6. This plate attached 
to the front clamping plate that holds locating ring from one side and has the sprue in 
the middle of both plates. The locating ring is the part that connects the machine 
injection nozzle and plate A to secure molten material pathway to mould cavity 
through the sprue. Locating ring was designed as identical to machine nozzle, as 
any gap between both parts will generate a molten leakage, pressure drop and lose 
of material. Plate B is 35 mm thick, with similar width and height as plate A, and has 
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the cavity for sample preparation which is identical to type I dimensions in ASTM 
D638 standard of uniaxial tensile test. Cavity is ready to fabricate two samples for 
each injection moulding as molten polymer running through sprue then to the middle 
runner and divided to two sample cavities as shown in Figure 3-7. Also, cavity has 
been drafted with 2o angle and employed thirteen ejector pins in different sizes, 4 
mm, 8mm and 10 mm based on pin location, to eject solidified sample after each 
injection. Four guide pin holes have been allocated and designed in the raw block by 
Hales Australia as those pins accurately matching with four opposite bushings in 
plate A to secure closed environment in clamping process. 
 
Figure 3-6 Front clamping plate and plate A in the mould 
 
Plate C is 60 mm thickness which consists of a top and a bottom plates to control the 
ejector plate that holds ejector pins as demonstrated in the exploded view in Figure 
3-8.  
SolidWorks simulation, Finite element analysis FEA, has been employed in a fine 
mesh to verify the design and estimate the maximum possible deformation, stresses 
and strain for the assembled mould. 
A static study was applied and the material for each part in the assembled mould 
was defined, for example plate A, B and C was defined as hardened steel (2311 or 
equivalent) and clamping plates as seamless carbon steel (SC50). Also, bushing, 
  Sprue inlet 
  Locating ring 
Plate A 
Front clamping plate 
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guide pins, ejector pins have been assigned to predefined material properties or 
equivalent to estimate accurate results.  
 
 
Figure 3-7 Plate B illustration of cavity details 
 
 
Figure 3-8 Exploded view for the designed mould 
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Figure 3-9 FEA for the designed mould 
 
Fixed Geometry fixture was applied at the facing surface of the front clamping plate 
as this plate and plate A represent the fixed part of the mould, while plate B and C, 
and back clamping plates are attached to the movable part of the machine. 
Moreover, external loads have been defined as force to be applied at the rear face of 
the back clamping plate, where the actual load applied in the machine. FEA results 
shows that if the maximum load of injection machine (with factor of safety) has been 
applied, 15 ton for Alpha 15C injection moulding machine, the maximum deformation 
would be 2.7×10-2 mm in the middle of the back clamping plate. 
Also, the normal tensile stress in the Y direction was 45.35 MPa located near screw 
holes and the compressive stress was 33.81 MPa located at the middle of the back 
clamping plate, while lower values had been indicated in the normal stress in the X 
direction as shown in Figure 3-9. 
(A) Displacement 
(B) Stress in Y 
direction 
(C) Stress in X 
direction (D) Strain 
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After validating FEA results, design details and document sent for manufacturing by 
lab staff at Western Sydney University, to prepare this die from raw mould to detailed 
cavity die with all ejector pins identical to what has been designed as shown in 
Figure 3-10.  
 
  
Figure 3-10 Manufactured Mould for uniaxial samples  
 
3.3.3  Specimen Fabrication 
Composites had been prepared in five different quantities based on nano-particle 
weight percentage in the composite, 1wt%, 3wt% and 5wt% of graphitised multi-
walled carbon nanotube- high impact Polystyrene composite (HIPS-GMWCNT) as 
two phase composite which contain the base polymer and one type of CNT, three 
phase composite which contain the base polymer and two different types of CNT of 
1wt% graphitised multi-walled carbon nanotube- high impact Polystyrene composite 
(HIPS-GMWCNT) and 1wt% of graphitised carbon nanofibers (GCNF) and raw 
material, which is zero wt% as a benchmark.  
Sample preparation steps were as followed: 
 
Drying materials 
The HIPS and GMWCNT were heated from room temperature to 65oC for about 3 
hours, for each quantity, to extract oxidisation using laboratory oven Memmert – 
model 300 at Hawksbury campus at Western Sydney University.  
 
 
44
Chapter 3       Sample Design and Material Fabrication 
Mixing 
Precise scale was used for weighing GMWCNT and HIPS based of weight 
percentage for each quantity before mixing them and a glovebox was used to gain 
further control of carbon nanotubes. Composites were obtained by mixing 20ml, 
40ml and 60ml of NMP solvent with 1wt%, 3wt% and 5wt% GMWCNT, respectively, 
and mixed manually for few seconds then added to HIPS and re-mixed manually and 
placed in SFM-3 high speed vibrating ball miller for about 5 minutes then precipitated 
in water for a short time then placed in oven overnight. 
 
Resize and pre-injection heating 
HIPS pellets were attached to each other due to NMP effectiveness in the mixture, 
so HIPS-GMWCNT composite was resized in HORAI P-1314 crasher then heated 
for 30 minutes in MATSUI HDII before injection moulding. 
 
Injection 
HIPS pellets as raw material placed in Fanuc 15C alpha hopper then purged to 
prepare the machine for HIPS-GMWCNT composite. The mixture was injected to 
mould cavity, detailed of machine parameters in process control section, and about 
20 to 30 samples were collected for each quantity to identify mechanical material 
properties and characterise material composite through microstructural analysis. 
 
3.3.4 Process Control of Moulding Injection 
Process control for injection moulding depends on two main factors. Firstly, bass 
material properties, which is HIPS selected for this research, and secondly the 
machine size and clamping force as that represents the limitation for this research.  
According to that limitation, mould size and process control have been considered to 
be suitable for Fanuc Alpha 15 C which is available at University of Western Sydney 
(Penrith campus). 
Fanuc Alpha 15 C has a maximum of 150 KN clamping force, maximum of 230 MPa 
injection pressure, maximum of 525 mm/s of injection speed and maximum of 190 
MPa packing pressure. Mould has been designed to make two specimens per shot 
due to clamping force as more projected area requires more clamping force (Rees 
2001). Injection moulding machine parameters for all prepared quantities, of 
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nanoparticle bass-polymer, and raw material were explained in Table 3-3 with 
details. 
Table 3-3 Process parameter of Injection moulding machine 
Step Processing Parameter  Parameter value 
Temperature control 
Melting temperature 220 oC - 240 oC 
Mould temperature 30 oC -35 oC 
Injection setting 
Injection speed 15 mm/s 
Max. injection time 12 s 
Pack step pressure  180 Kg/cm2 
Max. injection pressure 800 Kg/cm2 
Max. pack velocity 10 mm/s 
Extrude setting 
Extrude pressure 45 Kg/cm2 
Extrude rotational speed 210 rpm 
Cooling time 20 s 
 
Samples have been collected and labelled for further mechanical tests and structural 
analysis and benchmark samples (HIPS) were white in colour but all (HIPS-
GMWCNT) samples were completely black in colour due to GMWCNT dispersion in 
the composite. 
3.4 Material Fabrication Using Additive Manufacturing 
3.4.1 Material Selection  
Polylactide (PLA) and Acrylonitrile butadiene styrene (ABS) both are commonly-used 
thermoplastic polymer materials and were chosen to prepare samples, based on 
ASTM standards. PLA is a biodegradable polymer and has good heat and impact 
resistance (Yang, Zhao & Park 2015). Also, PLA has been widely used in Injection 
Moulding and 3DP due to their mechanical properties and mouldability features. In 
this experimental work PLA filament used was from Bilby 3D Australia in green and 
grey colour 1.75 mm diameter in 1-kg packages with a density of 1.25 g/cm3 at 
21.5oC, a melt flow index of 5 g/10min, 190oC/2.16 kg and a melt point temperature 
of 200oC. ABS is the other material known with good impact and heat resistance and 
toughness. ABS filament used is also from Bilby 3D Australia in blue colour and 
1.75-mm diameter in 1-kg packages with a density of 1.01 g/cm3 at 21.5oC, a melt 
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flow index 5 g/10min, 230oC/2.16 kg and a melt point temperature of 230oC (Bilby3D 
2017), which are higher than those of PLA. 
 
3.4.2 Sample Preparation  
3.4.2.1 Sample Design 
Samples were designed according to ASTM standard D638-10 for uniaxial test and 
D790-10 for three-point bending test, as shown in Figure 3-1. The samples have the 
same size with a total length of 165 mm and a gauge length of 57 mm, 50 mm as an 
active gauge length, and a thickness of 3.2 mm. Those samples have been modelled 
in SolidWorks and imported to 3D printing machines to secure detailed printed 
specimen. 
3.4.2.2 Sample Preparation Using Additive Manufacturing Process 
PLA specimens were prepared in 3 sets varied in layer height (Z-direction) of 0.1 
mm, 0.2 mm and 0.3 mm (shown in Figure 3-11 and labelled as PLA 0.1 3DP, PLA 
0.2 3DP and PLA 0.3 3DP, respectively) by using Maker Bot Replicator+ machine 
and each set consists of 8 samples for receptivity. Infill has been set to 100% with 
infill printing speed of 90 mm/s, shell printing speed of 90mm/s and travel speed of 
150 mm/s. Raft has been set in sample preparation with no support feature as was 
not required and extruder temperature of 215oC for printing. 
    
Figure 3-11 ABS and PLA Samples prepared by using 3D printing and Injection 
Moulding 
 
Similarly, ABS samples were prepared in 3 sets of samples in different layer height 
(Z-direction) of 0.1 mm, 0.2 mm and 0.3 mm (labelled as ABS 0.1 3DP, ABS 0.2 3DP 
ABS PLA 
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and ABS 0.3 3DP, respectively)  by using Maker Bot Replicator 2X machine, which is 
similar to Maker Bot Replicator+. Each set also consists of 8 samples for receptivity. 
Infill was set as 100% with an infill printing speed of 90 mm/s, raft speed of 90 mm/s 
and filament cooling fan speed adjusted to 50%. Raft was set with no support and an 
extruder temperature of 230oC and platform (base) temperature of 110oC. 
3.4.2.3 Sample Preparation Using Injection Moulding Process 
In this experimental work, Fanuc Alpha 15C injection moulding machine was used 
for preparing benchmark samples for comparison.  
 
Table 3-4 Moulding injection machine parameters for sample preparation 
Parameter Value Unit Details 
Temperature at nozzle 180-195 oC For PLA samples 
Temperature at nozzle 235-250 oC For ABS samples 
Injection Setting 
Injection speed 50 mm/s  
Pack pressure 180 kg/cm2 For 7 second duration 
Max injection pressure 800 kg/cm2  
Max Injection time 12 sec  
Max pack velocity 10 mm/s  
Extrude Setting 
Extrude pressure 45 kg/cm2 With 210 RPM 
Shot size 55 Mm  
DCMP distance 1 mm  
DCMP velocity 10 mm/s  
Cooling time 20 sec  
 
To prepare the samples for both PLA and ABS (labelled as PLA MI and ABS MI, 
respectively), the filaments were unrolled and cut to shorter-size filaments then 
crushed by using HORAI type P-1314 crusher to obtain polymer pellet size for 
injection moulding machine - Fanuc Alpha 15C. For about 30-60 minutes, pellet-
sized filaments were warmed by using MATSUI HD2 heater to extract oxidisation 
before sample preparation. Pellets were then loaded into injection moulding machine 
hopper by using MATSUI JL2-4V jet loader. The reason why the same 3DP filament 
materials were used is that mechanical properties of the samples prepared by using 
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different process methods can be identified. In total two sets of samples were 
prepared for ABS and PLA, respectively, and each set have 8 samples similarly. 
Parameters values as in Table 3-4. 
 
3.5 Summary 
Moulding injection process control has great influence towards material properties 
and mechanical behaviours due to material solidification after injection which affect 
samples experimental results outcome. So simulating this process and optimising 
control parameters is critical. Also, proper design of mould cavity can eliminate 
unwanted features such as blockage and injection flow marks which generate 
stresses in the injected part. As a result, moulding injection mould was designed 
based on literature content, simulated for optimum process control then a metal 
block was purchased and machined with the CNC code to prepare samples of 
standard ASTM dimensions. Material of injection moulding samples was fabricated in 
five different weight percentages of nano-additive/nano-fiber to categorise as two 
phases composite, three phases composite and a raw material. 
On the other hand, 3D printed samples have been adjusted with different printing 
layer thicknesses in three different layer sets, as a default printing setup, and one 
moulded injected set of samples which was considered as a benchmark for 
comparison in this case study.  
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Chapter 4 
Material Testing and Characterisation 
 
4.1 Introduction 
Experimental tests, including uniaxial tension test and three/ four-point bending tests, 
are the most essential tests to specify material properties and mechanical behaviour. 
To understand material limitation and failure stresses/forces, we need to define 
stress-strain curves for our materials in both tension and compression manners. 
Also, pointing the improvement at material properties for the tested experimental 
sets. Furthermore, was used to identify nano-additive/fibre dispersion at material 
composite for injected samples and identify porosity percentage at material structure 
for printed samples. In this chapter, further details of experimental tests and micro-
structural analysis, facilities and process parameters, are going to be highlighted. 
4.2 Microstructural Analysis 
Microstructural analysis instruments and software were employed to identify the 
composite structure and morphologies by using SEM and characterise materials 
crystalline by using XRD. 
4.2.1 Scanning Electron Microscopy (SEM) 
Samples were characterised by The JEOL 7001F Scanning Electron Microscopy 
(SEM) which is available at Western Sydney University, Parramatta south campus at 
Advanced Materials Characterisation Facility (AMCF), as shown in Figure 4-1(a).  
The middle parts of samples (at gauge length) were characterised after a brittle 
fracture of freezing specimens in liquid nitrogen. Samples size reduced to 
approximately 1.5 × 1.5 cm to fit sample holder then liquid carbon been added to the 
edges, of sample and holder, to secure a conduct of electron microscopy. Before 
SEM analysis, brittle fracture surface was coated with LEICA EM SCD005 coating 
machine by carbon to obtain clear photos of SEM. Acceleration voltage was setup to 
5kV, 10kV and 20kV for optimum results.  
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   (a)    (b) 
Figure 4-1 Advanced materials characterisation facilities  
(a) The JEOL 7001F Scanning Electron Microscopy (SEM) machine; 
(b) The Bruker D8 Advance X-Ray (XRD) diffraction machine  
Nano-additives and nano-fibres were inspected separately at SEM facility to verify 
the dimension range with supplier data sheet and test the active acceleration voltage 
setup of the machine. Graphitised carbon nano-fibers (GCNF) was inspected 
randomly, as shown in Figure 4-2, and used CTAn (64-bit) from Bruker to measure 
fibre dimensions based on SEM images scale. Fibres’ outer diameter was measured 
as 573.8 nm and its length was found as 9.05 µm. Both of them fall within the 
supplier’s dimension range, which are 200-600 nm of diameter range and 5-50 µm of 
length range. Nano-additives were difficult to check as they gathered in large number 
as clusters and most of graphitised multi-walled carbon nano-tubes (GMWCNT) 
were found twisted and much smaller in dimensions. 
4.2.2 X-Ray Diffraction (XRD) 
Characterisation of materials crystalline was studied by using Bruker D8 Advance X-
Ray diffraction Instrument which is available at Advanced Materials Characterisation 
Facility (AMCF), Parramatta south campus, Western Sydney University, as shown in 
Figure 4-1 (b).  
XRD Samples were brittle fractured, obtained from frozen specimens in liquid 
nitrogen and placed on XRD sample holder. Measurement conditions were starting 
at 5o to 90o with a step size of 0.02o and 768.04 second for each step with generator 
voltage and current was set as 40kV and 40mA, respectively. 
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.  
 
 
Figure 4-2 Graphitized carbon nanofibers (GCNF) in SEM 
OD = 573.8 nm 
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A preparation test was conducted at 1wt% (1Per) of HIPS-GMWCNT to identify the 
best region of specimens as three different regions were tested, firstly, closer to 
injection point (R1 close to IP), secondly, middle part of the specimen at gauge area 
(R2 mid to IP) and lastly, further end from injection point (R3 far to IP). Those three 
regions were close to identical in XRD analysis, as shown in Figure 4-3, for this 
reason, analysed was conducted of the middle part to all samples. 
 
Figure 4-3 XRD spectra for three different regions in 1wt% sample 
In XRD region spectra, the three graphs were similar in 2 Theta increase as curve 
start at 5 degree and increased in counts at 10 degree at about 15,000 counts than a 
massive increase gone to the maximum counts at approximately 20 degrees of 
2Theta to reach 74,000 counts and declined till 26 degree when a minor sharp 
increase appeared to 36,000 counts than sharp decline at 27 degree. A gradual 
increase starts at 36 degrees from 15,000 counts to 21,000 counts at 43 degree than 
declined gradually till 53 degrees when a minor sharp increase/decrease appeared 
and continue with approximately flat curve at about 9,000 counts than increased 
gradually at about 73 degrees to reach 13,000 counts at about 79 degrees till the 
end of the curve. 
4.2.3 Porosity Analysis 
Advanced materials characterisation instruments were employed to further identify 
material structure of samples. Scanning electron microscopy (SEM) was used as 
JEOL JSM-6510 LV machine. SEM samples were prepared by submerged them 
R1 close to IP 
R2 mid to IP 
R3 far to IP 
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individually at liquid nitrogen for few seconds and used tools to initial break then 
minimise the sample size to the required dimensions. Moreover, LEICA EM SCD005 
coating machine was used to coat samples cross-section surface with carbon to 
obtain clear images in Backscattered electron detector (BEC) and Secondary 
electron imaging (SEI). Samples were mounted on sample holder and connected 
both sides by using liquid carbon on the edges to comply with operations procedure. 
Porosity was identified in 3D printed samples’ structure and CTAn (64-bit) from 
Bruker was used to measure porosity percentage in the images of the fractured 
cross section sample. 
4.3 Experimental Tests 
Material properties and Mechanical behaviour were identified by employing uniaxial 
tension test, three-point bending test and four-point bending test. Tensile strength, 
tensile modulus, tensile elongation, flexural modulus and flexural strength were 
collected from experimental data based on samples sets which been categorised 
based on nano-additive weight percentage of moulding injection samples and layer 
thicknesses of additive manufacturing (3D printing) specimens.  
4.3.1 Experimental Tests of Moulding Injection Samples  
4.3.1.1 Uniaxial Tension Tests 
Standard uniaxial tension tests were performed at a quasi-static loading condition 
with crosshead speed of 5 mm/min at room temperature using a standard material 
testing machine – Instron 3366, which is available at Sydney University. The 
machine has a loading capacity of 10 kN to extract the experimental data for material 
properties and mechanical behaviours for five different sets, two phase composite of 
1wt%, 3wt% , 5wt% of graphitised multi-walled carbon nano-tube high impact 
Polystyrene composite (HIPS-GMWCNT), three phase composite of 1wt% 
graphitised multi-walled carbon nanotube- high impact Polystyrene composite (HIPS-
GMWCNT) and 1wt% of graphitised carbon nano-fibers (GCNF) and zero percent 
weight specimens as benchmark, of thermoplastic samples prepared by moulding 
injection method, as detailed in Table 4-1 . 
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Table 4-1 Sample sets for Injection moulding  
Label 
set 
Phase 
composite 
GMWCNT 
wt% 
GCNF 
wt% 
Total additive 
/ fibre wt% 
Samples 
colour 
BM Raw material Zero Zero Zero White 
1P1 Three 1wt% 1wt% 2wt% Black 
1Per Two 1wt% Zero 1wt% Black 
3Per Two 3wt% Zero 3wt% Black 
5Per Two 5wt% Zero 5wt% Black 
 
 
Figure 4-4 Tested specimens for 1wt% HIPS-GMWCNT 
In this experimental work, 5-6 specimens were tested for each set to comply with 
ASTM standards; also, all samples were labelled for recording purposes as shown in 
Figure 4-4. Note that these uniaxial tension tests were used to determine material 
properties and mechanical behaviours and define the material models for the 
devised finite element models of both uniaxial tension and four-point bending.  
Experimental data was collected as elongation (mm) and load (N) for each tested 
sample and categorised to the main five sets. Data was processed by using 
Microsoft Excel sheets than stress and strain was calculated and combined in a 
single curve than average curve was generated for each set to obtain the average 
Stress-strain curves in one coordinate to identify the improvement, as shown Figure 
4-5. Also, couple of samples were excluded from experimental data due to earlier 
break or slip due to sample experimental setup which gives unacceptable data that 
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does not match with majority of other samples but the minimum number of 
acceptable samples was more than five and that’s the required number based on 
ASTM standards. 
 
Figure 4-5 Stress- strain curves for uniaxial tensile test for moulding injection 
samples 
Mechanical properties data was collected from each average stress-strain curve and 
used those data to define FEA modelling and simulation for validation purposes. The 
improvement in material properties was noticeable for 1wt% (1Per) of HIPS-
GMWCNT two phase composite as maximum stress was approximately 30 MPa and 
Modulus of elasticity was 2040 MPa, which was higher in stress than the benchmark 
set (BM) which was 26.22 MPa and Modulus of elasticity was 2310 MPa. Stresses 
were very close in values between 3wt% (3Per) of HIPS-GMWCNT two phase 
composite and 2wt% (1P1) of HIPS-GMWCNT- GCNF three phase composite of 
23.52 MPa and 23.17 MPa, respectively. Lastly, 5wt% (5Per) of HIPS-GMWCNT two 
phase composite was the lowest in stress and reduced to 18.61 MPa for its 
maximum value. 
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4.3.1.2 Four-point bending tests 
Four-point bending test was used to determine the behaviours of those five sets. 
Same machine was used for uniaxial tension, Instron 3366 but with four point head 
setup, as shown in Figure 4 -6, machine was used with a loading capacity of 10kN to 
extract the experimental data.  
 
Figure 4-6 Instron 3366 as four-point bending setup 
Support span was on one half configurations with a support span to depth ratio of 
(16:1) according to ASTM D6272-17 standard. Five samples were tested, all of them 
been included in the calculations as results were acceptable, for each case and 
flexural material properties were collected then compared with finite element 
modelling results of four-point bending for validating flexure behaviours numerically.   
Experimental data was collected for each tested sample as load (N) and 
compression (mm) then sorted to the same five sets. Data was processed by using 
Microsoft Excel sheets to calculate flexural stress and flexural strain using the 
equations of ASTM standards, which have been listed in the previous chapter, then 
the average flexural stress- flexural strain curves were generated for each set and 
combined those curves in one coordinate to identify the improvement, as shown 
Figure 4-7.  
57
Chapter 4       Material Testing and Characterisation 
 
Figure 4-7 Flexural stress- Flexural strain curves for four-point bending test for 
moulding injection samples 
The improvement in material properties was noticeable for 1wt% (1Per) of HIPS-
GMWCNT two phase composite as maximum flexural stress was approximately 
30MPa and that was highest. Flexural stresses were very close in values between 
3wt% (3Per) of HIPS-GMWCNT two phase composite, 2wt% (1P1) of HIPS-
GMWCNT- GCNF three phase composite and benchmark (BM) of 26.46 MPa, 
27.15MPa and 27.12 MPa, respectively. Lastly, 5wt% (5Per) of HIPS-GMWCNT two 
phase composite was the lowest in flexural stress and declined to 21.43 MPa for its 
maximum value. 
4.3.2 Experimental Tests of 3D Printed Samples 
4.3.2.1 Uniaxial Tension Tests 
The standard uniaxial tensile tests were performed at a quasi-static loading condition 
of 3 mm/min and room temperature using a standard material testing machine – 
Instron 3365, which is available at Western Sydney University - Kingswood campus, 
with a loading capacity of 5 kN to extract the experimental data for material 
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properties and mechanical behaviours for these two thermoplastic samples (PLA and 
ABS) prepared by two process methods (3D printing and injection moulding). In this 
experimental work, in total eight specimens were tested for eight different sets to 
comply with ASTM standards; also, all samples were labelled for recording 
purposes. Similarly, these uniaxial tension tests were used to determine material 
properties and mechanical behaviours and define the material models for the 
devised finite element models of both uniaxial tension and three-point bending.  
Experimental data was collected as tensile stress and tensile strain for each tested 
specimen and classified to layer thicknesses and process method for both materials, 
ABS and PLA as shown in Table 4-2. Data was processed by using Microsoft Excel 
sheets and the average curve was generated for each set than combined average 
Stress-strain curves in one coordinate, based on material to identify the differences, 
as shown Figure 4-8 and Figure 4-9 of ABS and PLA, respectively. 
Table 4-2 Sample sets for 3D printed and moulding injection specimens 
Label set Material Process method Layer thickness Samples colour 
ABS 0.1 3DP ABS 3D Printing 0.1 mm Blue 
ABS 0.2 3DP ABS 3D Printing 0.2 mm Blue 
ABS 0.3 3DP ABS 3D Printing 0.3 mm Blue 
ABS MI ABS Moulding injection n/a Blue 
PLA 0.1 3DP PLA 3D Printing 0.1 mm Grey 
PLA 0.2 3DP PLA 3D Printing 0.2 mm Grey 
PLA 0.3 3DP PLA 3D Printing 0.3 mm Grey 
PLA MI PLA Moulding injection n/a Dark green 
 
Samples that fabricated through moulding injection were considered as a benchmark 
for this case study. For ABS material, moulding injection stress–strain curve (ABS 
MI) shows the highest value of tensile stress which was approximately 47.08 MPa 
than followed by ABS 0.1 3DP and ABS 0.2 3DP which were very close in their 
maximum stresses of 42.97 MPa and 42.41 MPa, respectively. ABS 0.3 3DP was 
the lowest in tensile stress and reduced to 41.3 MPa as a maximum stress value. 
On the other hand, PLA 0.2 3DP shows the highest value of tensile stress which was 
approximately 55.01 MPa than followed by PLA 0.2 3DP and PLA 0.3 3DP which 
were closer to each other in their maximum stresses of 46.64 MPa and 43.83 MPa, 
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respectively. PLA MI was the lowest in tensile stress and declined to 41.59 MPa as a 
maximum stress value.   
 
 
Figure 4-8 Stress-strain curves for ABS extracted from uniaxial tensile test 
 
 
Figure 4-9 Stress-strain curves for PLA extracted from uniaxial tension test 
 
 
60
Chapter 4       Material Testing and Characterisation 
 
4.3.2.2 Three-Point Bending Tests 
Three-point bending test was used to determine the flexural behaviours of these two 
materials. Instron 3365, as shown in Figure 4 -10, with a loading capacity of 5 kN to 
extract the experimental data for material properties, same used for uniaxial tension.  
 
Figure 4-10 Instron 3365 uniaxial/ three-point bending test machine 
Span to depth ratio was (16:1) and only one sample was tested for each case, due to 
material availability of the same batch, for validating the finite element modelling of 
three-point bending to capture the flexure behaviours numerically.   
Results that were collected as load (N) and compression (mm) from experiment was 
processed by using Microsoft excel sheets and the flexural stress–strain curve was 
generated for each sample and combined into two main diagrams based on 
materials. Samples were labelled similarly to uniaxial specimens but 3PB has been 
added to indicate three-point bending results as shown in Figure 4-11 and Figure 4-
12 of ABS and PLA, respectively. 
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Figure 4-11 Flexural stress-strain curves for ABS extracted from three-point 
bending test 
 
 
Figure 4-12 Flexural stress-strain curves for PLA extracted from three-point 
bending test 
 
Flexural stress–strain curve of moulding injected samples were considered as a 
benchmark to compare with additive manufacturing curves (3D printed). For ABS 
material, ABS 0.3 3PB flexural stress–strain curve shows the highest value of stress 
which was approximately 39.79 MPa then followed by ABS 0.2 3PB, ABS 0.1 3PB 
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and ABS MI 3PB which were nearly identical in their maximum stresses of 37.65 
MPa, 37.09 MPa and 37.0 MPa, respectively.  
PLA flexural stress–strain curves that have been devised from experimental results 
show similar patron as PLA uniaxial stress – strain curves. PLA 0.2 3PB shows the 
highest value of flexural stress which was approximately 48.13 MPa then followed by 
PLA 0.3 3PB and PLA 0.1 3PB which were closer to each other in their maximum 
stresses of 41.44 MPa and 40.68 MPa, respectively. PLA MI 3PB was the lowest in 
flexural stress and reduced to 39.48 MPa as a maximum stress value.   
 
4.4 Summary 
Material properties and mechanical behaviour were identified and experimental 
results were collected for those samples fabricated through injection moulding and 
3D printing process methods. Tensile stress–strain curves and flexural stress–strain 
curves were extracted from experimental data of each set for the raw material, two 
phases composite and three phases composite of nano-additive/fibre that been 
processed through injection moulding. Uniaxial tensile stress test and four-point 
bending tests were employed to extract those two curves. Also, Micro-structural 
analysis facilities, represented by Scanning Electron Microscopy (SEM) and X-ray 
diffraction (XRD), were used to characterise material structure and distinguish nano-
additive/fibre separation in the two and three phases composite. 
Similarly, tensile stress–strain curves and flexural stress–strain curves were 
processed for those samples created through additive manufacturing (3D printed) 
and injection moulding for every set based on layer thicknesses and process 
method. Uniaxial tensile stress test and three-point bending tests were utilised to 
extract those two curves. Also, SEM was used to characterise material structure and 
CTAn (64-bit) was used to measure porosity percentage for each set. 
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Chapter 5 
Finite Element Modelling and Simulations 
 
 
5.1 Introduction 
 
Validations of experimental results were conducted through finite element modelling 
(FEA) and simulation of experimental test models. Simulation models were created 
identical to uniaxial tension test, three-point bending and four-point bending test 
conditions at 1:1 scale specimen modelling but some models were created as half of 
the dimensions to apply proper boundary conditions of the model by using Abaqus 
simulation software. Outcome data was mirrored at symmetry plans to obtain a full 
model of those simulations. 
 
5.2 Material Models in Finite Element Models 
 
Material model is the base of FEM calculations and this should be defined accurately 
for optimum simulation results. In this research, a model was generated for each 
experimental set. Material model of each of those sets were defined from material 
properties and mechanical behaviour which was obtained from uniaxial test but 
Abaqus FEA requires specific input data to define material models thus data 
conversion should be processed to define material properly.  
 
5.2.1 Material Properties of Sample Materials 
Material properties of each sample were collected from experimental results. Those 
results were divided based on set categories and the average stress-strain curve 
was obtained for each set. For each curve, yield point was approximately specified 
and Young’s modulus value was extracted from curve slope. Also, Poisson’s ratio 
value was obtained from manufactural material data sheet. Sample material 
properties were briefly explained in the previous chapter and detailed discussion is 
clarified in the next chapter, results and discussion chapter. 
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5.2.2 Data Conversion of Material Properties for Finite Element Models 
The definition of material model at Abaqus FEA requires many variables. Mechanical 
material behaviour is our basic requirement of this research thus Elastic and Plastic 
parts at Material Behaviours need to be defined to obtain stress and strain curve 
from Abaqus FEA and compare it with experimental results. Young’s modulus and 
Poisson’s ratio values will define Elastic Material Behaviours and Yield stresses and 
Plastic strain values will define Plastic Material Behaviours which can be obtained 
from stress-strain curve from experimental sample tests. 
Stress and strain values beyond yield stress point were converted to true stress and 
true strain, respectively. Those values were collected till the maximum stress; the 
tensile strength and the Plastic Strain values were obtained by using the equations 
below: 
𝑇𝑇𝑇𝑇 𝑆𝑆𝑇𝑇𝑆𝑆 = 𝜎 (1 + 𝜖
100
) …… (5-1) 
𝑇𝑇𝑇𝑇 𝑆𝑆𝑇𝑆𝑆𝑆 = ln  (1 + 𝜖
100
) …… (5-2) 
𝑃𝑃𝑆𝑆𝑆𝑆𝑃 𝑆𝑆𝑇𝑆𝑆𝑆 = 𝑇𝑇𝑇𝑇 𝑆𝑆𝑇𝑆𝑆𝑆 − 𝑇𝑇𝑇𝑇 𝑆𝑆𝑇𝑇𝑆𝑆𝐸
1000
 …… (5-3) 
 
Where σ is Normal stress (MPa); ϵ is Normal strain (%); E is Young’s modulus 
(GPa); Plastic Strain (mm/mm); True Strain (mm/mm) and True Stress (MPa). 
Those data collected for each set and define model material of each model 
respectively.  
  
5.2.3 Material Modelling in Finite Element Models 
Materials modelling input data for Elastic Material Behaviours of all sets were listed 
at Table 5-1. Those data were the input of material models for uniaxial test and four-
point bending models as those were extracted from experimental uniaxial test. 
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Table 5-1 Data Input for Abaqus modelling  
Sample 
label 
Young’s 
modulus 
(MPa) 
Yield 
strength 
(MPa) 
Poisson’s 
ratio 
BM Uni 2310 25.41 0.4 
1P1 Uni 2200 22.27 0.4 
1Per Uni 2040 28.05 0.4 
3Per Uni 1960 23.10 0.4 
5Per Uni 1987 18.31 0.4 
 
 
 
 
Figure 5-1 Plastic stress strain curves for Abaqus data input obtained from uniaxial 
tension for sample materials fabricated through moulding injection process 
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Similarly, Yield stresses and Plastic strain were the input data for Plastic Material 
behaviours in material models, as shown in Figure 5-1, which converted from 
uniaxial tensile test for those samples fabricated through moulding injection process. 
For those samples prepared through additive manufacturing process, Figures 5-2 
and 5-3 shows Yield stresses and Plastic strain curves as input data for Plastic 
material behaviours for PLA and ABS, respectively. 
 
 
 
Figure 5-2 PLA Plastic stress-strain curves for Abaqus data input obtained from 
uniaxial tension for sample materials fabricated through 3D printing process 
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Figure 5-3 ABS Plastic stress strain curves for Abaqus data input obtained from 
uniaxial tension for sample materials fabricated through 3D printing process 
 
5.3 Modelling and Simulation of Mould Injected Samples 
 
Finite element models were created using a commercial FEA engineering analysis 
software package - Abaqus V6.14-1. FE Models were created via using the actual 
specimen dimensions for half and full of models. 
For all loading cases, the samples were discretised by using solid elements – 
C3D8R, which is an 8-node linear brick, reduced integration, hourglass control.  
In uniaxial tension, two different models were generated, full dimension model with 
dynamic explicit step and half dimension model with static general step.  
On the other hand, four-point bending case, two pin supports – one top pin and one 
bottom pin were applied which were made of mild steel to generate a half model for 
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this case study. Pins were treated as deformable solid bodies too as the samples. 
The bottom pin was fixed while a downward displacement was applied in the second 
pin at the top.  
All the simulations were controlled and run the same as what happened in the actual 
testing with slow quasi-static loading processes. All the finite element models were 
tested for convergence and appropriate element sizes were employed based on the 
convergence tests. Models were created as 3D deformable parts with a solid 
homogenous section assignment of material properties which was extracted from 
experimental data for both elastic and plastic definition of material behaviours. 
Young’s modulus and Poisson’s ratio were defined of elastic material behaviour from 
tensile Stress–Strain curve slope and material data sheet, respectively. Plastic 
material behaviour was defined from true stress and plastic strain of experimental 
data over yielding stresses to ultimate tensile stresses for all materials. 
In the following sections, the numerical results are labelled with ‘SIM’ for easy 
reference. 
 
5.3.1 Uniaxial Tension Simulation of Moulding Injection Samples 
A comparison study was executed of uniaxial tension modelling to understand the 
differences in simulation outcome. Two different models were created based on 
model step as dynamic explicit step and static general step. Section assignment and 
material definition were exactly the same but step type and boundary conditions 
were completely different to optimise simulation outcomes. 
 
5.3.1.1 Uniaxial Tension Simulation - Dynamic Step 
Step was defined as a dynamic explicit which was defined as nonlinear geometry 
(NLgeom = ON), time period as 0.1, increment type was automatic with global stable 
increment estimator and unlimited maximum time increment. Mass scaling was 
defined as whole model for the region with a 1000 factor starting at the beginning of 
the step and target time increment was none.  
Boundary conditions of dynamic explicit-step model were applied for a standard 
loading process of uniaxial tension. 
One end was fixed in all directions and the other end was applied with displacements 
of interest to X direction, as shown in Figure 5-4.  
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Figure 5-4 Boundary conditions of dynamic explicit-step model of Abaqus simulation 
 
The mesh of sample was defined as 1 approximate global size due to convergence 
analysis which is detailed in this chapter and element shape of mesh control was hex 
for this case study and job was setup as Abaqus default values. Simulation results 
were obtained for five different sets, 1wt%, 3wt% , 5wt% of graphitised multi-walled 
carbon nanotube- high impact Polystyrene composite (HIPS-GMWCNT), three 
phase composite of 1wt% graphitised multi-walled carbon nanotube- high impact 
Polystyrene composite (HIPS-GMWCNT) and 1wt% of Graphitised carbon 
nanofibers (GCNF) and zero percent weight specimens as benchmark labelled as 
1Per, 3Per, 5Per, 1P1 and BM, respectively. Stresses of benchmark samples (BM) 
were found to 27.56 MPa as a maximum value, mostly concentrated at gauge length 
in the specimen as shown in Figure 5-5, and 1wt% as 31.06 MPa which was the 
highest stress in the five sets. On the other hand, 3wt%, 5wt% and 1P1 2wt% 
maximum stresses were reduced to 25.75 MPa, 19.87 MPa and 24.92 MPa, 
respectively.  
  
(a) BM      (b) 1wt% 
  
   (c) 3wt%    (d) 5wt% 
 
(e) 1P1 2wt% 
 
Figure 5-5 Stress contours of BM and HIPS-GMWCNT specimens subject to uniaxial 
tension – (Dynamic step) 
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Strain output in Abaqus is represented as LE (logarithmic strain) due to nonlinear 
case study and to compare between experimental and simulation results of stress –
strain curves, engineering strain was calculated from logarithmic strain using the 
equation below: 
 
𝐿𝐿 = ln (1 + 𝜖) …… (5-4) 
Where: 
LE = logarithmic strain (true strain) (mm/mm); 
ϵ = Engineering strain (mm/mm) 
These calculations were performed by using Microsoft Excel sheets for every output 
value of strain to generate simulation stress–strain curves. Moreover, the 
computation cost of dynamic step simulation was about 730 seconds and some 
models took a bit longer in time as few seconds. 
5.3.1.2 Uniaxial Tension Simulation - Static Step 
The other model was based on static general-step model which was defined as 
nonlinear geometry (NLgeom = ON), a default automatic stabilisation, maximum 
number of increments was set to 1000 as automatic type with initial size of 0.01, 
minimum size of 1E-008 and maximum size of 0.05 with default other parameters. 
This model has several boundary conditions applied, as shown in Figure 5-6. Half 
dimensions model was created for this case and model was partitioned to 10 
different regions, gauge region × 2, end of gauge region × 4 and grip region × 4, 
regions were repeated due to model mid-plane and symmetry and partitioned 
because of proper boundary condition application and fine mesh purposes. There 
were four boundary conditions applied as followed: 
• A symmetry constraint boundary condition at the Y – direction applied at the 
model centre symmetry plane; 
• A symmetry constraint boundary condition at the Z- direction applied at the 
model mid-plane; 
• An anti-symmetry constraint boundary condition at the Y- direction applied at 
one end of the model; 
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• A displacement constraint boundary condition at the X- direction applied at 
the other end of the model. 
 
Figure 5-6 Boundary conditions of static general-step model of Abaqus simulation 
 
The mesh of sample was defined as 1 approximate global size as detailed in 
convergence analysis and element shape of mesh controls was hex for this case 
study and mesh was controlled in each partition for a fine mesh. Simulation job was 
setup as default values and output results were mirrored at model centre symmetry 
plane (X-Z plane) to obtain a full figure of the of simulation results. 
Simulation results were collected for the same five sets, 1wt%, 3wt%, 5wt% 1P1 
2wt% and BM. Stresses of benchmark samples (BM) were found to be 27.15 MPa as 
a maximum value, concentrated at gauge length in the specimen as shown in Figure 
5-7, and 1wt% as 29.5 MPa which was the highest stress in the five sets. On the 
other hand, 3wt%, 5wt% and 1P1 2wt% maximum stresses were reduced to 23.93 
MPa, 18.87 MPa and 23.46 MPa, respectively. Also, the computation cost of static 
step simulation was about 1080 seconds and some models took a bit longer in time 
as few seconds. 
Similar to the previous case study, engineering strain was calculated from FEA 
logarithmic strain to generate stress-strain curves for comparison purposes. 
To sum up the two simulation cases study of the dynamic explicit step and the static 
general step, simulation results of stress values were very close for both cases but 
stress-strain curves of the static case were more reliable and acceptable compared 
to experimental results and it was considered as the uniaxial tensile simulation 
results of this research.  
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(a) BM      (b) 1wt% 
  
   (c) 3wt%    (d) 5wt% 
 
(2) 1P1 2wt%  
 
Figure 5-7 Stress contours of BM and HIPS-GMWCNT specimens subject to uniaxial 
tension – (Static step) 
 
 
5.3.2 Four-Point Bending Simulation of Moulding injection Samples 
 
Four-point bending model was generated as half model with 1:1 scale dimensions. 
Two parts were created, Sample bar and a pin as half cylinder, both defined as 3D 
modelling space and deformable type modelling. Parts were partitioned to make the 
definition of boundary condition easier, as shown in Figure 5-8. Sample bar was 
partitioned to six regions, four of them were identical due to symmetry and pin 
locations and the last two (to right of the figure) were representing the end of the 
sample. Assembly was defined of pins location similar to experimental support span 
which was on one half configuration with a support span to depth ratio of (16:1) 
according to ASTM D6272-17 standard. Step was created as static-general with four 
boundary conditions and a displacement of interest, as been listed below: 
• A symmetry constraint boundary condition at the Y- direction applied at the 
centre-plane of the model; 
• A symmetry constraint boundary condition at the X- direction applied at the 
symmetry-plane of the model (left end of the figure); 
• A displacement constraint boundary condition at all directions (X, Y and Z) 
with zero displacement applied at the surface of the fixed pin in the model; 
• A displacement constraint boundary condition at the Z- direction with desired 
displacement value applied at the surface of the moveable pin in the model; 
• A displacement constraint boundary condition at the X- direction with zero 
displacement value applied at the mid-plane of the moveable pin in the model. 
 Also, pins were defined as mild steel and the interaction between sample and pins 
of both surfaces were defined as hard contact- normal behaviour and frictional 
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tangential behaviour which was 0.1 coefficient of friction value. The mesh of sample 
bar model was defined as 0.5 approximate global size and the pin models were 
defined as 1 approximate global size and element shape of mesh controls was hex. 
 
 
Figure 5-8 Boundary conditions of four-point bending model of Abaqus simulation 
 
Similarly, simulation job was setup as default Abaqus values and output results were 
mirrored at model symmetry plane (Y-Z plane) to obtain a full figure of the of 
simulation results. Four-point bending model stresses of benchmark samples were 
found to be maximum values of 28.81 MPa and 1wt% as 31.02 MPa which was the 
highest stress in the five sets. On the other hand, 3wt%, 5wt% and 1P1 2wt% 
maximum stresses were declined to 25.55 MPa, 20.51 MPa and 25.41 MPa, 
respectively. Stress contours were shown in Figure 5-9 for BM and 1wt% HIPS-
GMWCNT for normal stress and von Mises stress extracted from model simulation. 
 
 
  
(a) BM normal Stress     (b) 1wt% normal Stress 
  
   (c) BM von Mises Stress   (d) 1wt% von Mises Stress 
 
Figure 5-9 Normal stress and von Mises stress contours of BM and 1wt% HIPS-
GMWCNT specimens subject to 4PB 
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5.4 Modelling and Simulation of 3D Printed Samples 
 
Finite element models were created using a commercial FEA engineering analysis 
software package - Abaqus V6.14-1. FE Models were created via using the actual 
specimen dimensions. For both loading cases, the samples were discretised by 
using solid elements – C3D8R, which is an 8-node linear brick, reduced integration, 
hourglass control. The first loading case was uniaxial tension and the second was 
three-point bending. All the simulations were controlled and ran the same as what 
happened in the actual testing with slow quasi-static loading processes. All the finite 
element models were tested for convergence and appropriate element sizes were 
employed based on the convergence tests.  
 
5.4.1 Uniaxial Tension Simulation of 3D Printed Samples 
 
In uniaxial tension, only one part was created for this model as a sample and 
material behaviour was defined as elastic and plastic values extracted from 
experimental data. Also, ductile damage was defined with damage evaluation of 0.1 
distance at failure value. One step was defined for this model with dynamic – explicit 
procedure as nonlinear geometry (NLgeom = on) and time period of 0.1 and 
boundary conditions were applied for a standard loading process for uniaxial tension. 
One end was fixed and the other end was applied with displacements of interest.  
The mesh of the model was defined as 1 approximate global size and element shape 
of mesh control was hex and simulation job was set as Abaqus default parameters. 
Typical results obtained from FE simulations for ABS and PLA samples subject to 
uniaxial tension can be found in Figure 5-10.  
 
  
(a)  ABS sample – stress at large deformation (left) and stress at rupture  (right) 
 
 
(b) PLA sample – stress at large deformation (left) and stress at rupture  (right) 
Figure 5-10 Stress contours of ABS and PLA specimens subject to uniaxial tension 
75
Chapter 5       Finite Element Modelling and Simulations 
 
For ABS samples’ simulation, stresses were found to have maximum values of 50.04 
MPa for ABS 0.3 SIM and 49.01 MPa for ABS MI SIM samples, respectively, while 
the stresses of the other two models show less values of 44.21 MPa as ABS 0.1 SIM 
and 43.99 MPa as ABS 0.2 SIM. 
On the other hand, PLA samples’ model had their stresses with maximum values of 
56.77 MPa for PLA 0.2 SIM and 48.16 MPa for PLA 0.1 SIM. Also, PLA MI SIM and 
PLA 0.3 SIM shows slightly lower stress values of 46.59 MPa and 45.45 MPa, 
respectively. 
 
 
5.4.2 Three-Point Bending Simulation of 3D Printed Samples  
 
For three-point bending case, a half model was created with three parts assigned as 
sample bar, a half pin and a quarter pin. A quarter pin assembled at the top of 
sample bar as a moveable pin with a downward displacement and a half pin at the 
bottom as fixed pin allocated as similar to the actual experimental setup. Pins, which 
are made of mild steel, were treated as deformable solid bodies too as the sample 
bar.  
Models were created as general–static step with nonlinear geometry definition and a 
total of four boundary conditions were applied, as shown in Figure 5-11, as followed: 
• A symmetry constraint boundary condition at the Y- direction applied at the 
centre-plane of the model; 
• A displacement constraint boundary condition at all direction with zero 
displacement applied at the surface of the half pin of the model; 
• A displacement constraint boundary condition at the Z- direction with value of 
interest applied at the surface of the quarter pin of the model; 
• A symmetry constraint boundary condition at the X- direction applied at the 
model mid-plane (right side of the figure). 
 
Also, the interaction between sample bar and pins of both surfaces was defined as 
hard contact- normal behaviour and frictional tangential behaviour which was 0.2 
coefficient of friction value. The mesh of sample bar model was defined as 0.5 
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approximate global sizes and the pin model were defined as 1 approximate global 
size and element shape of mesh controls was hex with structured technique. 
Typical results obtained from FE simulations for ABS and PLA samples subject to 
three-point bending can be found in Figure 5-12. 
 
Figure 5-11 Boundary conditions of three-point bending model of Abaqus simulation 
 
For ABS samples’ simulation, stresses were found to have the maximum value of 
55.87 MPa for ABS MI 3PB samples which was the highest, 50.37 MPa for ABS 0.1 
3PB, 50.29 MPa for ABS 0.2 3PB and 48.58 MPa for ABS 0.3 3PB, respectively. On 
the other hand, PLA samples had stresses with maximum values of 64.64 MPa for 
PLA 0.2 3PB which was the highest, 54.37 MPa for PLA 0.1 3PB, 51.61 MPa for 
PLA 0.3 3PB and 48.88 MPa for PLA MI 3PB, respectively. 
         
       
           
Figure 5-12 Stress and Strain contours of specimen subject to three-point bending:  
(a) ABS MI 3PB SIM and (b) PLA MI 3PB SIM 
 
 
(a) 
(b) 
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5.5 Convergence Analysis of Finite Element Models 
 
Mesh size plays an important role for any simulation process and based on that 
results will be varied. In Abaqus, mesh size is mainly controlled through seed global 
size and it is required to understand which seed size provides reasonable results 
that should be reliable with experimental outcomes. To develop this understanding, 
convergence analysis was employed on every model to optimise simulation results. 
Convergence plots were identified in Figure 5-13 (a) and (b) for uniaxial tension and 
four-point bending models, respectively, of those models validating nano-
additive/fibre experimental tests. In this convergence analysis, seed sizes were 
changed as 8, 4, 2, 1, 0.5 and 0.25 but in this figure 0.5 and 0.25 seed size were not 
expressed due to the high number of elements and the curve continuity with the 
same pattern even without those two values. Convergence plots had similar 
behaviour for both models and any seed value of 2, 1, 0.5 and 0.25 gave consistent 
results. 
 
  
(a) Uniaxial tension   (b) Four-point bending 
 
Figure 5-13 Convergence plots of different elements at Abaqus mesh for testing 
models of nanoadditive / fibre samples 
 
In Figures 5-14 and 5-15, convergence plots were extracted from uniaxial tensile 
models and three-point bending models, respectively. For this analysis, seed sizes 
were changed as 4, 2, 1 and 0.5. Also, 0.25 seed size was tested for couple of 
78
Chapter 5       Finite Element Modelling and Simulations 
models but was not included to the figures due to curve continuity with the same 
pattern even without that value. 
 
 
 
 
(a) ABS      (b) PLA 
 
Figure 5-14 Convergence plots of different elements at Abaqus mesh for uniaxial 
tension models of additive manufacturing samples 
 
 
 
 
(a) ABS      (b) PLA 
 
Figure 5-15 Convergence plots of different elements at Abaqus mesh for three-point 
bending models of additive manufacturing samples 
 
 
5.6 Summary 
 
To summarise the content of this chapter, laboratory experimental tests were 
simulated in FEA modelling. Uniaxial tension test models and four-point bending test 
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models were applied at nano-additive/fibre samples of those were processed 
through injection moulding method. Experimental outcome of material properties and 
mechanical behaviour were defined in the model material inputs to validate 
experimental results of each set. Similarly, uniaxial tension and three-point bending 
tests were utilised for additive manufacturing samples, and material model were 
defined as similar to the previous procedure to validate those results. Moreover, 
convergence analysis was applied at each model to optimise modelling results. 
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Chapter 6 
Results and Discussion 
 
6.1 Moulding Injection Results 
6.1.1 Material Properties Obtained from Uniaxial Tension and Four-Point 
Bending 
 
Uniaxial tension results were collected for every single sample from experimental 
test and average curves were re-grouped in one coordinate for each set. There were 
five sets in total, as shown in Figure 6-1, represented as raw polymer, two phase 
composites of nano-additives and three phase composites of nano-additives and 
nano-fibres. For both experimental results, the 1wt% (1Per) of HIPS-GMWCNT, two 
phases composite, has the highest strength that increased up to about 28.9 MPa for 
uniaxial tension test (Uni) and 29.33 MPa of flexural stress for four-point bending test 
(4PB). That curve was followed by the raw polymer of HIPS as a benchmark (BM) 
which had about 26.24 MPa and 27.12 MPa of uniaxial and 4PB, respectively.  
 
   
  (a) Uniaxial tention curves   (b) Four-point bending curves 
Figure 6-1 Stress-strain curves for injection moulding samples extracted from 
experiments 
It is worth to point out that 1wt% (1Per) of nano-additives in the composite increased 
the tensile strength by 10.13% compared to the raw polymer of uniaxial test and 
8.14% increase in the maximum flexural stress, respectively. On the other hand, two 
phase composite of 3wt% (3Per) and three phases composite of HIPS-GMWCNT- 
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GCNF, 2wt% (1P1) were very close in their maximum stress values of 23.66 MPa 
and 23.14 MPa for uniaxial tension results, respectively. Also, those two curves were 
very close to BM curve in maximum stress values of 4PB test with approximately 
26.46 MPa for 3Per curve and 27.15 MPa for 1P1 curve. Those curves shows 
declined in their tensile stresses to 9.83 % of 3Per curve and 11.81% of 1P1 curve 
compared with benchmark maximum stresses values but 4PB curves shows slightly 
decrease of stress to 2.43% of 3Per curve and slightly increase to 0.11% of 1P1 
curve compared to benchmark. 
 The curves that showed the lowest stress for both experimental results were the two 
phase composite of 5wt% (5Per) which has declined to 18.58 MPa of Uni results and 
21.43 MPa of 4PB results and that decreased the tensile strength to 29.19% of 
uniaxial stresses and approximately 20.98% of 4PB stresses compared with 
benchmark, as shown in Figure 6-2. 
 
 
Figure 6-2 Ultimate strength values extracted from experiments (Uniaxial tension and 
four-point bending) 
 
 
6.1.2 Material Properties Obtained from FE Modelling and Simulations 
 
Finite element modelling was created with similar conditions to the actual experiment 
parameters. Model material properties were defined from experimental data and 
stress-strain curves were extracted from simulation for uniaxial tension test and four-
point bending test, as shown in Figure 6-3. Uniaxial simulation results shows that the 
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maximum stress value was 29.51 MPa of 1Per simulation curve (1Per Uni SIM) 
which was the highest stress compared to all others and has 11.27% increase 
compared to benchmark simulation results (BM Uni SIM) which was 26.52 MPa as 
maximum stress value. Two uniaxial simulation curves were very close in maximum 
stress values, 3Per Uni SIM and 1P1 Uni SIM as their values were 24.19 MPa and 
23.67 MPa, respectively. Also, both shows reduced in stress values to 8.78% of 3Per 
curve and 10.74% of 1P1 curve compared to the maximum stress of benchmark 
simulation curve. The lowest stress values were 18.86 MPa of 5Per curve which 
reduced to 28.88% compared to benchmark and that was the most reduced 
percentage among all simulation results, Uni and 4PB. 
 
 
 
Figure 6-3 Stress-strain curves for injection moulding samples extracted from 
simulation 
 
On the other hand, four-point bending simulation results, expressed as stress–strain 
curves shows that 1Per 4PB SIM curve has the highest stress value of 31.01 MPa 
and followed by BM 4PB SIM curve with maximum stress value of 28.81 MPa. It is 
worth to highlight the increase of 1Per curve to 7.63 % compared with BM curve of 
their maximum stress values. Curves of stress–strain extracted from four-point 
bending simulation were showing similar pattern as uniaxial simulation curves but 
there were a slight differences between stress values of each set. 3Per 4PB SIM 
curve and 1P1 4PB SIM curve were close to identical, similar to uniaxial simulation 
results. Stress values were 25.54 MPa of 3Per curve and 25.41 MPa of 1P1 curve 
but both curves show decline in stresses of 11.35% and 11.80% compared BM 
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simulation curve. Also, 5Per 4PB SIM were the lowest in stress value of 20.51 MPa 
which dropped by 28.80% compared with BM simulation curve of 4PB, as shown in 
Figure 6-4. 
 
Figure 6-4 Ultimate strength values extracted from simulation (Uniaxial tension and 
four-point bending) 
 
6.1.3 Microstructural Analysis Results 
 
Nano-additive/fibre dispersion and orientation at polymer structure are important to 
improve material properties and mechanical behaviour of polymer composite. A 
proper dispersion might increase the cohesion in material structure and build a 
stronger interfacial layers in the composite. In this section, microstructural facilities 
were employed to evaluate the dispersion and the orientation of HIPS-GMWCNT & 
GCNF. 
6.1.3.1 Scanning Electron Microscopy Results (SEM) 
 
Results obtained from SEM shows that a clear dispersion of nano-additives/fibres in 
polymer matrix. Those results were applied in different magnification of each figure 
to identify the dispersion but a noticeable number of clusters were found with the 
increased percentage of GMWCNT & GCNF. Samples which were injected with 
HIPS as raw material were tested under SEM, as shown in Figure 6-5, which shows 
a conventional structure of this polymer in various magnification. Those samples 
were white in colour and showed no gaps or noticeable week points in the structure 
of the polymer. Meanwhile, samples morphology with two phase composite of 1Per, 
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3Per and 5Per were investigated under SEM. Those selectively photos, as shown in 
Figure 6-6, for 1wt% of GMWCNT show that the dispersion was clear at sample 
fractured surface. Nanoadditive were gathered in many spotted locations during 
SEM test and that dispersion may attributed a stronger interfacial adhesion that 
gathered GMWCNT and HIPS. 
 
   
Figure 6-5 The SEM photo of HIPS of different magnification 
 
Also, another proof of dispersion is sample’s colour, which was changed from white 
as raw HIPS to black samples, as GMWCNT are black in colour even though with 
just 1wt% of this nano-additive. Consequently, samples with 1wt% show the best 
results in material properties and mechanical behaviour and those samples showed 
the highest values of tensile strength among them all. 
On the other hand, agglomerated GMWCNT was noticed as well in different sizes 
and some of them were closer to each other in all sample sets of two phases and 
three phase composites. Those agglomerated nano-additives could cause number of 
stress concentrations at material composite which can be developed to week spots 
at polymer matrix when an external forces applied. It is worth to mention here that 
the foregoing sample set have the least number of agglomerated GMWCNT under 
SEM evaluation due to the low weight percentage of GMWCNT in polymer matrix, 
compared with the other sets (3wt% and 5wt%). Moreover, some of the samples 
show small gaps in material structure which looks similar to air gaps, developed 
during injection moulding process. This could be a reason to develop mould cavity to 
eliminate those gaps in future research. 
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The other sets of two phase samples were evaluated under SEM as both sets clearly 
showed higher number of agglomerated GMWCNT compared to 1wt%. This 
increase was the reason of reduced tensile strength to approximately 29.19% of 
5wt% samples compared to the raw HIPS sample’s strength and that support the 
foregoing conjecture of tensile strength improvement for 1wt% sample set as that 
was the optimum percentage of GMWCNT for HIPS. 
 
   
 
     
 
Figure 6-6 The SEM photo of HIPS- GMWCNT with 1wt% of different magnification 
 
SEM photos of 3wt% and 5wt% of GMWCNT were shown in Figure 6-7 with larger 
size of agglomerated GMWCNT. The increase of nano-additive percentage in the 
polymer matrix generated higher Van der Waals forces that attract CNT molecules to 
each other and obtained weaker spots in the structure. In this figure, GMWCNT 
agglomerate with approximately 5µm × 5µm was noticed in the 5wt% samples. This 
could be the reason of those samples were behaving similar to a brittle material and 
did not show any necking or whitening zone during uniaxial test because of those 
GMWCNT 
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GMWCNT agglomerate were not cohering properly with base polymer and that 
cause an early fracture and sample fail.  
 
   
  (a) 3wt% of GMWCNT 
 
   
  (b) 5wt% of GMWCNT 
 
Figure 6-7 The SEM photo of HIPS- GMWCNT with 3wt% and 5wt% of different 
magnification 
 
Three phase composite SEM photos, as shown in Figure 6-8, of 1wt% of GMWCNT 
and 1wt% of GCNF show higher number of agglomerated nano-additives/fibres 
compared to 1wt% of GMWCNT sample. The reason of this increase could be the 
GCNF purity as it has approximately 70% of fibres and 30% of CNT. Also, fibres 
were dispersing randomly in polymer matrix which supports the cohesion layers of 
nano-additives and base polymer. In particular, to link those SEM photos to 
experimental results, the 1P1 sample’s results, which are the three phase composite, 
were very close to 3Per results for both experimental tests. The dual effect of fibres 
and additives have similar outcome to the increase of nano-additive separately.  
87
Chapter 6         Results and Discussion 
   
Figure 6-8 The SEM photo of HIPS- GMWCNT- GCNF with 1wt% each of different 
magnification 
 
6.1.3.2 X-Ray Diffraction Results (XRD) 
 
XRD were employed at the five different sets to investigate the effect of nano-
additives/fibres. The orientation of HIPS-GMWCNT & GCNF composites is playing 
an important role that might change material properties. Five spectra XRD is shown 
in Figure 6-9 which have been tested from 5o to 90o of 2Theta (2θ), BM sample 
showed a traditional curve of XRD with a minor diffraction peak at about 40.8o of 2θ 
which was slightly increased from 44.5 to 46.24 of intensity. Samples with two phase 
composite showed that 1Per sample have two incisive diffraction peaks at 
approximately 26.47o of 2θ with intensity values that sharply increased from 55.45 to 
69.96 and at 54.55o of 2θ with intensity values of 35.29 that were slightly increased.  
 
Figure 6-9 XRD curves of five moulding injected samples 
 
The other two samples of 3Per and 5Per show five diffraction peaks at 26.49o, 
54.46o, 77.46o, 83.37o and 87.15o with intensity values of 93.42, 37.02, 37.20, 37.75 
5Per sample 
3Per sample 
1Per sample 
1P1 sample 
BM sample 
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and 37.19 of 2θ for the 3Per sample and 26.53o, 54.63o, 77.52o, 83.47o and 87.04o 
with intensity values of 94.91, 36.83, 37.03, 37.39 and 36.44 of 2θ for the 5Per 
sample, respectively. It is worth to mention that the increase of GMWCNT in the 
composite have shown more diffraction peaks along XRD spectra and that indicate 
changes in the aggregation when compared with lower HIPS -GMWCNT composite. 
On the other hand, the three phase composite of HIPS –GMWCNT-GCNF sample 
(1P1) shows the highest diffraction peaks among all other samples. This spectrum 
shows five incisive diffraction peaks, which is similar to 3Per and 5Per curves but 
their intensity values were much higher especially at 26.51o of 2θ as the intensity 
sharply increased from 57.90 to 158.33 and at approximately 54.61o of 2θ the 
intensity increased from 34.17 to 42.12. The other diffraction peaks were 
approximately similar to 5Per sample which had intensity of 37.76, 38.21 and 37.96 
at 77.48o, 83.39o and 86.95o of 2θ. This highly increased the intensity for those 
specific points were attributed to the effect of nano-fibre existence in the composite 
as GMWCNT-GCNF aggregation could cause regular structural organisation for 1P1 
samples. 
 
6.1.4 Experimental and Simulation Results 
 
To validate experimental results with simulation results, Young’s modulus and Yield 
Strength are listed in Tables 6-1 and 6-2 for uniaxial tension and four-point bending, 
respectively. Numerical results for both test methods were more moderate than the 
experimental results which are acceptable. 
Specimens under uniaxial tension, as shown in Table 6-1, shows very close results 
for both numerical and experimental in each set. Samples which has been generated 
with 1wt% of HIPS-GMWCNT (1Per) clearly show the strongest material due to the 
effective nanoadditive percentage in the composite that make a mature material 
compared to the raw HIPS which was the benchmark of those sets. On the other 
hand, the yield strength values extracted from experimental results for the other sets 
of two phase composite reduced, compared with benchmark values, with the 
increase of nano-additive/fibre weight percentage. The yield strength value for the 
three phase composite of 2wt% HIPS-GMWCNT- GCNF (1P1) was 22.27 MPa and 
the two phase composite of 3wt% HIPS-GMWCNT (3Per) which was 23.10 MPa and 
lastly the 5wt% (5Per) was 18.31 MPa which shows the poorest material properties 
compared with all others.  
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Table 6-1 Young’s modulus and tensile strength obtained from uniaxial tension for 
sample materials using moulding injection processes  
Sample 
label 
Experimental Results Numerical Results 
Young’s 
modulus 
(MPa) 
Tensile 
strength 
(MPa) 
Tensile 
strength 
% / BM 
Elongation 
(%) 
Young’s 
modulus 
(MPa) 
Tensile 
strength 
(MPa) 
Tensile 
strength 
% / BM 
BM Uni 2310 26.24 100% 5.13 2250 26.52 100% 
1P1 Uni 2200 23.14 88.1% 3.62 2220 23.67 89.25% 
1Per Uni 2040 28.9 110.1% 7.55 2030 29.51 111.27% 
3Per Uni 1960 23.66 90.16% 8.16 1975 24.19 91.21% 
5Per Uni 1987 18.56 70.73% 1.03 1980 18.86 71.12% 
 
It is worth to mention that 5Per samples were behaving as similar as a brittle material 
because during uniaxial test did not show any whitening at gauge region and 
necking/change in cross section dimensions compared with other sets, as shown in 
Figure 6-10. Also, stress–strain curve shows sudden drop and fail after the ultimate 
tensile stress, meanwhile, all other sets show longer curve under sample necking of 
the plastic region. 
 
 
Figure 6-10 Moulding injection samples tested with uniaxial tension test 
 
The ability of a material to resist the change in dimensions represented by Young’s 
modulus values were listed in the previous table. Benchmark samples show the 
highest Young’s modulus values, according to experimental data, which was 
approximately 2310 MPa and followed by the three phase composite set of 1P1 with 
a value of 2200 MPa. Moreover, the Young’s modulus values of the two phase 
samples were 2040 MPa, 1960 MPa and 1987 MPa of 1Per, 3Per and 5Per, 
respectively. On the other hand, Young’s modulus values obtained from simulation 
stress–strain curve of uniaxial tension model were taking similar pattern as 
experimental results. Also, their values were close to identical with small margin of 
differences. Those values indicate a validity of experimental results obtained from 
1wt% (1Per) sample shows 
whiting at gauge region 
5wt% (5Per) sample shows No 
whiting at gauge region (as brittle) 
90
Chapter 6         Results and Discussion 
uniaxial tension as stress–strain curves, yielding strength and Young’s modulus were 
align with those values obtained from simulation. 
Samples which had been tested under four-point bending shows relatively higher 
values of flexural Young’s modulus for both results which obtained experimentally 
and numerically, as shown in Table 6-2. Sample fabricated with raw HIPS have the 
highest flexural Young’s modulus from experimental results and 1P1 samples were 
close to identical in value to the raw samples. Specimens with 5wt% (5Per) shows 
the lowest flexural Young’s modulus compared to all those obtained from 
experimental test. Meanwhile, yield strength values obtained from 4PB experiment 
were explicitly correlated to nano-additive/fibre weight percentage in material 
composite. Those yield strength values decreased with nano-additive/fibre weight 
percentage increase, but raw samples shows a yielding strength value closer to 
2wt% (1P1).  
Table 6-2 Flexural modulus and tensile strength obtained from four-point bending for 
sample materials using moulding injection processes  
Sample 
label 
Experimental Results Numerical Results 
Flexural 
modulus 
(MPa) 
Tensile 
strength 
(MPa) 
Tensile 
strength 
% / BM 
Flexural 
modulus 
(MPa) 
Tensile 
strength 
(MPa) 
Tensile 
strength 
% / BM 
BM 4PB 2825 27.12 100% 2475 28.81 100% 
1P1 4PB 2820 27.15 100.11% 2185 25.41 88.2% 
1Per 4PB 2775 29.33 108.14% 2125 31.01 107.64% 
3Per 4PB 2800 26.46 97.56% 2050 25.54 88.65% 
5Per 4PB 2450 21.43 79.02% 2030 20.51 71.19% 
 
Numerically, flexural Young’s modulus obtained from simulation results were 
relatively lower than those obtained from experimental results. The highest flexural 
Young’s modulus was 2475 MPa from the model that was defined as a benchmark 
and the lowest was the 5Per as well. Numerical yield strength results were expected 
as those values followed similar pattern as uniaxial experimental results. 
To sum up the experimental and simulation results, 1wt% samples showed the 
highest stresses in both experiment and simulation outcome values compared with 
those fabricated in higher weight percentage of nano-additive/fibres and benchmark 
with raw HIPS. Those results indicate that 1Per was the optimum weight percentage 
of HIPS-GMWCNT and when nano-additive increased, the material shows poor 
performance and behaved as brittle similar to what happened in uniaxial tension test 
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of those 5Per samples. Young’s modulus and Yield strength were investigated 
experimentally and numerically for two test methods, uniaxial tension and 4PB. The 
effects of nano-additive/fibre percentage were also found but they are still not 
explicitly correlated to Young’s modulus values. In general, flexural Young’s moduli 
were higher than those extracted from uniaxial tensile test. 
 
6.2 Additive Manufacturing Results 
6.2.1 Material Properties Obtained from Uniaxial Tension and Three-Point 
Bending 
Experimental results, which were obtained from uniaxial tension for eight different 
samples sets, are shown in Figure 6-11.  
 
 
(a) Stress-strain curves for ABS (left) and PLA (right) extracted from uniaxial tension 
 
  
(b) Stress-strain curves for ABS (left) and PLA (right) extracted from three-point bending  
Figure 6-11 Stress-strain curves for ABS (left) and PLA (right) extracted from 
experiments 
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It is worth to point out that the moulding injected with ABS material has higher 
strength than the 3D printed material.  
On the other hand, 3D printed PLA 0.2 3DP has the highest strength in the PLA sets 
but 3D printed samples behaved as a brittle materials meanwhile the moulding 
injected sample showed a necking behavior differently. These obtained material 
properties were used to define the material models in both of uniaxial tension and 
three-point bending simulations. For three-points bending, ABS 0.3 3PB curve has 
the highest strength for ABS material, while PLA 0.2 3PB curve was the highest in 
PLA material, respectively. 
6.2.2 Material Properties Obtained from FE Modelling and Simulations 
Typical results of FE simulations for ABS and PLA samples subject to uniaxial 
tension and three-point bending can be found in Figure 6-12. The simulations of 
uniaxial tension were only for verification purposes and capturing the material 
behaviors of the materials fabricated. For ABS samples’ simulation showed in Figure 
6-12(a), stresses were found to have maximum values of 50.04 MPa for ABS 0.3 
SIM and 49.00 MPa for ABS MI SIM samples, respectively. On the other hand, PLA 
samples had stresses with maximum values of 56.77 MPa for PLA 0.2 SIM and 
46.59 MPa for PLA MI SIM, respectively.  
These results demonstrated that the material models of ABS and PLA were 
successfully conducted and then the material models were further implemented into 
the FE models of three-point bending simulation.Similarly to the cases of uniaxial 
tension, three-point bending simulation results were found to have maximum values 
of 55.87 MPa for ABS MI 3PB SIM and 50.34 MPa for ABS 0.1 3PB SIM samples 
respectively as shown in Figure 6-12(b), while 3DP PLA samples were higher then 
Injection Moulding as stresses were found 64.64 MPa for PLA 0.2 3PB SIM as 
highest value and 48.88 MPa for PLA MI 3PB SIM, respectively. 
Apparently the flexural behaviours of the ABS and PLA samples were a bit higher 
than those tensile behaviours. It aligns with research conclusions stated in literature.   
6.2.3 Injection Moulding and Additive Manufacturing 
To compare two material fabrication processes, Young’s modulus and Yield Strength 
of ABS and PLA samples are listed in Tables 6-3 & 6-4 for uniaxial tension and 
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three-point bending, respectively. The numerical results are both more conservative 
than the experimental results which are reasonable.  
 
(a) Stress- strain curves for ABS (left) and PLA (right) extracted from uniaxial tension modelling 
 
 
(b) Stress-strain curves for ABS (left) and PLA (right) extracted from three-point bending modelling 
Figure 6-12 Stress-strain curves for ABS (left) and PLA (right) extracted from 
simulation  
As shown in Table 6-3, for ABS samples under uniaxial tension, it can be clearly 
found that the Injection moulding as a mature material fabrication process still 
provided reliable material especially for ABS compared to the 3D printing. Additive 
manufacturing is relying on the printing layer thickness and in present study the layer 
thicknesses were varying from 0.1, 0.2 to 0.3 mm. the 0.1-mm layer thicknesses 
fabricated the best ABS sample. Meanwhile for PLA samples, the 3D printing 
provided stronger materials compared to those moulding injected. However the 0.2-
mm layer thickness generated the strongest PLA samples.  
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According to Table 6-4 for three-point bending, the Injection moulding fabricated the 
ABS material with lowest Young’s modulus but provided highest values on Young’s 
modulus for PLA material compared to those fabricated by using 3D printing. 
Table 6-3 Young’s modulus and tensile strength obtained from uniaxial tension for 
sample materials using different fabrication processes  
Sample label 
Experimental Results Numerical Results 
Young’s 
modulus 
(MPa) 
Tensile 
strength 
(MPa) 
Tensile 
strength 
% / MI 
Elongation 
(%) 
Young’s 
modulus 
(MPa) 
Tensile 
strength 
(MPa) 
Tensile 
strength 
% / MI 
ABS 0.1 3DP 930.37 42.97 91.27% 2.24 931.95 44.21 90.22% 
ABS 0.2 3DP 929.07 42.41 90.08% 3.46 929.98 43.99 89.78% 
ABS 0.3 3DP 910.81 41.30 87.72% 3.51 908.53 50.04 102.12% 
ABS MI 923.53 47.08 100% 4.97 925.04 49.00 100% 
PLA 0.1 3DP 1251.00 46.64 112.12% 1.46 1255.92 48.16 103.37% 
PLA 0.2 3DP 1270.57 55.01 132.24% 1.66 1271.62 56.77 121.85% 
PLA 0.3 3DP 1086.83 43.85 105.41% 1.47 1091.29 45.45 97.55% 
PLA MI 1323.12 41.60 100% 5.53 1328.26 46.59 100% 
 
The effects of the printing layer thicknesses were also found but they were still not 
explicitly correlated too. Overall the flexural Young’s modulus is higher than that 
obtained from uniaxial tension and showed an agreement with the results in 
literature. 
Table 6-4 Flexural modulus and tensile strength extracted from three-point bending 
for sample materials using different fabrication processes 
Sample 
label 
Experimental Results Numerical Results 
Flexural 
modulus 
(MPa) 
Tensile 
strength 
(MPa) 
Tensile 
strength 
% / MI 
Flexural 
modulus 
(MPa) 
Tensile 
strength 
(MPa) 
Tensile 
strength 
% / MI 
ABS 0.1 3DP 1104.19 36.91 99.76% 991.09 50.37 90.15% 
ABS 0.2 3DP 1054.64 37.65 101.76% 995.35 50.32 90.07% 
ABS 0.3 3DP 1076.56 39.79 107.54% 961.74 48.58 86.95% 
ABS MI 894.90 37.00 100% 991.78 55.87 100% 
PLA 0.1 3DP 1273.90 40.68 103.38% 1329.14 54.37 111.23% 
PLA 0.2 3DP 1315.02 48.12 122.29% 1354.26 64.64 132.24% 
PLA 0.3 3DP 1225.71 41.44 105.31% 1167.05 51.52 105.4% 
PLA MI 1386.67 39.35 100% 1444.03 48.88 100% 
 
Though the influence of the layer thicknesses in 3D printed sample materials was 
found, it is too early to reveal the mechanism behind that and thus microstructural 
analysis was conducted to explain 3D printing structure.  
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6.2.4 Microstructural Analysis Results 
SEM images proved the discrepancy in mechanical properties of 3DP samples. The 
structure of printed samples which had been formed as layers of tubes shown in 
Figure 6-13  and Figure 6-14 for ABS and PLA, respectively. 
   
(a) ABS 0.1 at x100 (b) ABS 0.1 at x400 (c) ABS 0.1 at x800 
   
(d) ABS 0.2 at x100 (e) ABS 0.2 at x400 (f) ABS 0.2 at x800 
   
(g) ABS 0.3 at x100 (h) ABS 0.3 at x300 (i) ABS 0.3 at x600 
   
(j) ABS MI at x200 (k) ABS MI at x400 (m) ABS MI at x800 
 
Figure 6-13 Representative SEM images in Backscattered electron of ABS 
(a-i) in 3DP and (j-m) in MI of different magnification 
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(a) PLA 0.1 at x50 (b) PLA 0.1 at x200 (c) PLA 0.1 at x400 
   
(d) PLA 0.2 at 500 µm (e) PLA 0.2 at 100 µm (f) PLA 0.2 at 50 µm 
   
(g) PLA 0.3 at x50 (h) PLA 0.3 at x100 (i) PLA 0.3 at x400 
   
(j) PLA MI at x50 (k) PLA MI at x100 (m) PLA MI at x300 
 
Figure 6-14 Representative SEM images in Backscattered electron of PLA 
(a-i) in 3DP and (j-m) in MI of different magnification 
 
Based on the SEM images, 3DP structure had varying porosity percentages in 
material matrix due to the repetitive patron of layer by layer form, even though 
samples supposed to be printed in 100% infill. Those gaps would be considered as 
weak spots in the structure to initiate deformation with any applied loads. Those 
97
Chapter 6         Results and Discussion 
SEM images were processed with CTAn64 from Bruker to identify porosity 
percentage of various cross sections of all eight sets, as shown in Table 6-5.  
 
Table 6-5 Porosity percentages of 3DP printed samples 
Material Layer thickness 
Porosity 
percentage 
ABS 0.1 0.526% 
ABS 0.2 1.688% 
ABS 0.3 3.114% 
PLA 0.1 0.571% 
PLA 0.2 2.894% 
PLA 0.3 3.386% 
 
The increase in layer thicknesses, which means the increase in printing tube 
diameter, has proportional increase with porosity percentage in printed samples’ 
structure. In general, PLA printed samples showed higher percentage of porosity 
than ABS samples of same layer thicknesses. 
Also, the larger gaps were noticed closer to surface area and gaps would be less in 
size and number closer to the centre of samples. Moreover, printing tube diameter 
has a great influence on gap size, the larger diameter generate larger gaps in the 
matrix, because each layer consisted of solid cylindrical tubes next to each other 
forming a printing layer. The machine printed each layer and the tubes which had 
been generated still molten to soft so the next layer would apply a force to press the 
previous layer and that continued till the surface area which would be left with no 
force to press and no elimination for gaps closer to surface of the 3DP structure.  
Moreover, further investigation were applied for the cross section of a fractured 
samples, due to uniaxial test, under visual microscopy showed lighter whiting regions 
close to the edges. Those lighter regions are expected to be the initiation of fracture 
due to the increase of gaps at that region. This investigation illustrate the reason 
behind those samples broken at the end or outside of gauge length as gaps running 
through the structure in parallel lines and one weak tube will increase the chance of 
fail and start the fracture. On the other hand, there were no visible gaps in moulding 
injected samples that have been analysed. 
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6.2.5 Experimental and Simulation Results 
A comparison of two material processes fabrication, for experimental and simulation 
results, were generated in one graph of each set of material. For ABS samples’ 
simulation and experimental showed in Figure 6-15, most stresses were found as 
maximum values at three-point bending (3PB) simulation and the highest values 
were 55.87 MPa for ABS MI 3PB SIM. The 3PB experimental results were the lowest 
stresses values as 37.01 MPa ABS MI 3PB. 
 
 
(a) Stress- strain curves for ABS 0.1  (b) Stress- strain curves for ABS 0.2 
 
    
(c) Stress- strain curves for ABS 0.3  (d) Stress- strain curves for ABS MI 
Figure 6-15 Stress-strain curves for ABS extracted from experimental and simulation  
 
For PLA sample, simulation and experimental showed in Figure 6-16, most stresses 
were found as maximum values at three-point bending (3PB) simulation and the 
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highest value was 64.64 MPa for PLA 0.2 3PB SIM. The 3PB experimental results 
were the lowest stresses values as 39.37 MPa PLA MI 3PB. 
 
  
(a) Stress- strain curves for PLA 0.1  (b) Stress- strain curves for PLA 0.2 
 
    
(c) Stress- strain curves for PLA 0.3  (d) Stress- strain curves for PLA MI 
Figure 6-16 Stress-strain curves for PLA extracted from experimental and simulation 
 
6.3 Summary 
Results of those samples fabricated in different process methods were collected, 
characterised and validated. Samples that were processed through injection 
moulding with different nano-additives percentages showed an increase in 
mechanical material properties within a certain limit of additives, but further increase 
at nano-additive/fibres percentage decreased their tensile stresses. Also, flexural 
modulus values that obtained from four-point bending tests were relatively higher 
than those extracted from uniaxial tension tests. Simulation results verified 
experimental results with acceptable limit of differences. Those finite element 
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analysis outcomes was incorporated to establish the correlation between 
experimental and simulation results.  
On the other hand, the results of those samples processed through additive 
manufacturing were collected and compared with moulding injected samples which 
were considered as a benchmark for comparison purposes. Also, experimental 
results were validated with simulation results but microstructural analysis showed 
higher porosity percentage for those samples printed in thicker layers and this 
percentage decreased with the thinner printed layers. It is worthwhile to mention that 
experimental results of PLA samples prepared through additive manufacturing show 
higher tensile strength than those process but ABS samples prepared through 
moulding injection were the highest in tensile strength compared with additive 
manufacturing samples of same material. 
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Chapter 7 
Conclusions and Recommendations 
 
7.1 Conclusions 
The increases of nano-additive/fibre in material structure have a significant change 
to material properties and mechanical behaviour. This increase has a certain limit to 
achieve the optimum material properties and any further increase would reflect 
negatively at mechanical properties such as tensile strength.  
The presented work investigated the effect of GMWCNT at HIPS polymer as two 
phase composite, adding fibres of GCNF to become as three phase composite of 
different weight percentages and raw HIPS as base polymer and benchmark for 
comparison. The experimental results indicated that the 1wt% of HIPS- GMWCNT of 
two phases composite has increased tensile strength by 10.13% of uniaxial test and 
flexural strength by 8.14% of four-point bending test compared with raw polymer. On 
the other hand, the consequences of increasing GMWCNT at HIPS of two phase 
composite, 3wt% and 5wt% of nano-additives, show an adverse effect at material 
properties. Samples which have been generated of 5wt% HIPS- GMWCNT show a 
brittle behaviour at uniaxial test with lack of whitening region at gauge length and 
dimension changes in fractured cross-section when compared with other samples. 
Similarly, samples of HIPS-GMWCNT-GCNF of three phases composite have shown 
very close to identical results of 3wt% HIPS- GMWCNT in both experimental tests. 
The dual effect of fibres and additives of carbon nano-tubes have parallel outcome to 
the increase of nano-additive separately. This could only be valid for carbon 
nanotube fibres and multi-wall carbon nanotube additives as accomplished in this 
research. Moreover, those experimental results have been validated with test 
modelling. Simulation outcome were very close in values compared with 
experimental results and have range of difference between 0.613% - 6.40%. In 
general, flexural Young’s modulus showed higher values for both experimental and 
simulation when compared with Young’s modulus extracted from uniaxial test.  
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The reasons of material property decline for those sample sets with higher nano-
additives percentage were investigated through micro-structural analysis to identify 
the changes at material structure. The dispersion of additives was clear of the hybrid 
composite of 1wt% samples under SEM images but those samples (3wt% and 5wt% 
of two phases and 2wt% of three phases) show higher number of agglomerated 
additives which generate a weaker matrix to resist external loads. Those clusters 
were the largest in size for 5wt% samples compared to others due to nano-additive 
increase, that’s why tensile strength was the lowest of both experimental tests. 
Moreover, XRD spectrum shows higher diffraction peaks at the three phase sample 
when compared with two phases and benchmark samples. This indicates that GCNF 
has a great influence on material surface and structure as that increased the 
intensity of three phase sample to 226.31% compared with the two phase sample at 
the same peak and increased to 320.18% compared with the benchmark tested 
sample. 
On the other hand of this part of research, the comparative study on additive 
manufacturing and Injection moulding has been performed experimentally and 
numerically for two commonly-used 3D printing thermoplastic materials – 
Acrylonitrile Butadiene Styrene (ABS) and Polylactic Acid (PLA) via uniaxial tension 
and three-point bending tests.  
Samples were printed in three different layer thicknesses of both materials and a 
comparison set was generated of same materials in moulding injection method.  
The material properties extracted from the experimental work and numerical models 
have good agreement for both uniaxial tension and three-point bending. Effects of 
layer thickness as one of main control parameters of additive manufacturing layer-
by-layer process have been identified and a further investigation of material structure 
was presented through microstructural analysis. This investigation showed porosity 
percentage would increase with layer thickness up to 3.386% even though the 
printing parameters were defined as 100% infill. Those gaps showed increase in 
number and size closer to sample surface. However the research findings are still 
not sufficient to draw a strict statement and thus an in-depth study to look into these 
effects are urgently needed.   
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7.2 Recommendations 
The effect of nano additives/fibres at HIPS was partially investigated and the 
optimum additive percentage was identified but further investigation is required to 
understand the appropriate structural implementation with additional control of 
additives dispersion. Also, generating polymeric nano fibre and nanoparticle samples 
and testing them with impact test would be interesting to improve the understanding 
of nano-particle and nano-fibre effect on this polymeric material. 
Similarly, it may be too early to draw a conclusion to announce that mould injection 
will be replaced by additive manufacturing to fabricate plastic materials based on the 
findings from this research and additional research is needed to optimise processing 
method and eliminate or reduce porosity percentage to minimum. Also, preparing 
additive manufacturing samples of polymeric nano-particle composite might be a 
great idea for advance material properties. 
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